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Acetic, propionic and butyric acids which are formed by bacterial fermen- 
tation in the paunch of ruminants assume an important réle in the metabolism 
of these animals (Marston, 1939, 1948; Phillipson, 1947, 1948). Although the 
greater part of the energy requirements of the sheep are met by lower fatty 
acids which arise in this way by microbial dissimilation of carbohydrates, the 
capacity of the individual acids to provide useful energy to the animal probably 
differs widely (Marston, 1948). Thus, in view of the relatively large amounts 
of acetate and propionate that are dealt with each day by the sheep, the 
metabolic routes of these compounds are of considerable interest. 

The work of Ringer (1912) and of Deuel, Butts, Hallman and Cutler 
(1935) revealed the glucogenic nature of propionate when administered to 
dogs, and this is also true for the phlorhizinised sheep (Phillipson, 1947; Jar- 
rett, 1948). Reid (1950) has shown that the hypoglycaemia produced by injec- 
tion of insulin is relieved by propionate. 

The metabolic effect of butyric acid has usually been considered in rela- 
tion to the metabolism of fat and to the production of ketone bodies (Stadie, 
1946). However, there is evidence to indicate that carbon atoms of butyrate 
may be incorporated into liver glycogen (Lifson, Lorber, Sakami and Wood, 
1948). 

Acetate is known to be an important source of carbon atoms for a number 
of biological syntheses (Bloch, 1947), and although observations of the fate of 
acetic acid in phlorhizinised animals (Ringer and Lusk, 1910; Deuel and Mil- 
horat, 1928; Jarrett and Potter, 1950a) indicate that acetate is not glucogenic, 
Lorber, Lifson and Wood (1945) suggest that carbon atoms from acetate may 
be incorporated in the glucose molecule. It seems probable, however, that 
while glucose cannot be formed from acetate itself, their metabolism is inter- 
linked. 

As a part of an investigation of intermediary metabolism of fatty acids in 
the sheep, the fate of acetate and butyrate in relation to propionate when in- 
jected into the blood stream has been examined. 
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EXPERIMENTAL. 


A group of twelve Merino ewes aet. 3-5 years were confined to pens and fed on chaffed 
wheaten hay and lucerne. During the period of the experiment the animals were kept in 
metabolism cages and food offered for 3-5 hours during the afternoons. 

The concentrations of ketone bodies, of sugar and of lactic and pyruvic acids were deter- 
mined in the blood of seven of the sheep concurrently with those of the volatile acids sub- 
sequent to the intravenous injection of 5 mM/kg. of acetic or propionic acids or of a 
mixture of the two. These solutions were neutralized to pH 7-0 with caustic soda; the 
volume administered was 120 ml. for the individual acids and 240 ml. for the mixture. 
Similar observations were carried out on five of the sheep after the injection of butyric acid. 
A few experiments were also performed using 2-5 mM/kg. instead of the larger amount of 
acid. In addition, observations were made following the injection of a solution of hyper- 
tonic saline or of a solution of sodium bicarbonate containing the same concentration of 
sodium ions as the acetate or propionate. Several animals received solutions of the acids 
adjusted to pH 5 instead of to pH 7, and during a number of the experiments the carbon 
dioxide content of the blood was determiued at regular intervals. 

A fine plastic tube (1 mm. I.D. and 1-7 mm. E.D.) was inserted for several inches into 
the jugular vein on the day preceding the experimental period and a slow intravenous infusion 
of saline (0-8-1-0 1./12 hours) maintained to reduce the possibility of blood clots occurring 
in the tube. Blood samples were obtained with a minimum of handling by attaching a 
syringe to the end of the tube. This allowed the animal to remain placid throughout the 
manipulations, a condition which is essential for such experiments as these, in which activity 
very materially influences the concentration of lactic and pyruvic acids in the blood. 

Pre-injection blood samples were obtained and the solutions then administered over a 
period of 5-10 minutes. Blood samples were taken subsequent to the injection at 5, 30, 60, 
120 and 180 minutes. To assess the normal levels of the constituents being studied in the 
blood, values were obtained from a number of sheep over the experimental period (i.e. 9.00 
a.m.—1.00 p.m.). 

The volatile acids were estimated by micro-modification of the method of Friedemann 
(1938) using an electrometric titration on the distillate. The method of Weichselbaum and 
Somogyi (1941) was used for the determination of the ketone bodies; lactic acid was esti- 
mated by the method of Edwards (1938), pyruvie acid by the method of Friedemann and 
Haugen (1943) and the sugar by the Somogyi method (1945). The carbon dioxide content 
of the blood was determined according to Van Slyke (Peters and Van Slyke, 1932). 


RESULTS. 


Preliminary work indicated that the concentrations of the volatile acids, 
ketone bodies, sugar, lactic and pyruvic acids varied only within narrow limits 
when no treatment was given, or when solutions of hypertonic saline or sodium 
bicarbonate were injected. 

The tolerance curves for the volatile acids showed that, following the in- 
jection of acetate or propionate in doses of 5 mM of acid/kg., the propionate 
was removed more rapidly from the blood stream than the acetate. The 
results from the seven animals were statistically analysed and showed a signifi- 
cant difference between the effects of the acetate and the propionate one hour 
after the injection. At this stage the level of volatile acid was still elevated follow- 
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ing the injection of acetate but after two hours both acids were completely 
removed from the systemic circulation. 

The main interest centred around the ketone production. The injection 
of acetate resulted in an increase in the ketone body concentration of the blood: 
the administration of propionate, however, brought about a reduction in the 
level of circulating ketones. The presence of the propionate in the equimolar 
mixture of acetate and propionate prevented the rise that normally would have 
followed the injection of the same amount of acetate unaccompanied by the 
propionate. A statistical analysis of the means for the seven animals for each 
treatment and at each time showed that following the acetate there was a 
marked rise in the ketone body level reaching a maximum after 30 minutes. The 
reduction in the level of circulating ketone bodies after the propionate injection 
reached its lowest figure between the first and second hour, while with the mix- 
ture there was some fluctuation in the level, tending towards a fall during the 
second and third hour. The mean values of seven animals at each time of 
sampling are shown in Table 1. 


TABLE 1. 
Treatment Mean values for ketone bodies (mg. 8-OH butyric/100 ml. blood) at each 
sampling time. 
0 5 30 60 120 180 S.E. D.f. 
Acetate 1°95 3°36 3-81 3-10 1-99 1-89 +0-23 30 
minimum differences for significance d = 0-67, 0-91, 1-21. P=0-05, 
0-01, 0-001. 
Propionate 2-14 1:73 1-46 1-00 1-04 1-63 +0-17 30 
minimum differences for significance d = 0-49, 0-66, 0-88. P=0-05, 
0-01, 0-001. 


Acetate and 
Propionate 2-43 2-61 2-14 1-90 1-71 1-81 +0-17 30 
minimum differences for significance d = 0-49, 0-66, 0-87. P=0-05, 
0-01, 0-001. 


Concentrations of lactic and pyruvie acids and of sugar indicated that 
acetate was ineffective in causing any significant rise in these glucogenic inter- 
mediaries, but that propionate produced a marked rise in the blood level of 
these substances. The mixture of acetate and propionate also produced an 
elevation in the levels of lactic and pyruvie acids, but the rise in pyruvie acid 
was smaller than that caused by propionate alone. A statistical analysis was 
made on the results of the lactic and pyruvie acid determinations but not on 
the sugar. The pertinent data for the observations on pyruvic acid and lactic 
acid are presented in Tables 2 and 3 respectively. As propionates are readily 
metabolized, an analysis was made on the carbon dioxide content of the blood 
to determine the extent of any possible alkalosis. Although the carbon dioxide 
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content of the blood increased following the propionate injection, the rise was 
no greater than that which followed acetate or sodium bicarbonate. As the 
acetate or sodium bicarbonate caused no significant rise in the concentrations 
of sugar, lactic or pyruvic acid in the blood, the increase in concentrations of 
these substances after the propionate injection was probably not due to any 
change in the acid-base balance. Moreover, when propionate of pH 5 was 
injected, little significant change occurred in the carbon dioxide content of 
the blood, and yet the rise in the level of sugar, lactic and pyruvic acids was 
of the same magnitude. 


TABLE 2. 
Treatment Mean values for pyruvie acid (mg./100 ml. blood) at each sampling time. 
0 5 30 60 120 180 S8.E. D.f. 
Acetate 1-36 1°25 1-28 1-81 1-76 1-94 +0-19 30 
minimum differences for significance d= 0-53, 0-72, 0°95. P=0-05, 
0-01, 0-001. 
Propionate 1-22 2-00 4-54 5-27 2-15 1-60 +0-29 30 
minimum differences for significance d= 0-84, 1-13, 1-50. P= 0-05, 
0-01, 0-001, 


Acetate and 
Propionate 0-99 1-71 3-10 3-54 1-92 1-66 +0-17 30 
minimum differences for significance d= 0-49, 0-66, 0-88. P= 0-05, 


0-01, 0-001. 
TABLE 3. 
Treatment Mean values for lactic acid (mg./100 ml. blood) at each sampling time. 
0 5 30 60 120 180 S.E. D.f. 
Acetate 11-3 115 10-3 12-4 11-5 12:7 30 
minimum difference for significance d= 3-4. P= 0-05. 
Propionate 8-8 13-6 25-9 27°5 12-7 8-1 +1°5 30 
minimum difference for significance d= 4-3, 5-8, 7-7. P=0-05, 
0-01, 0-001. 
Acetate and 
Propionate 7°6 13-7 21-7 22-3 11-7 8-0 +1-3 30 
minimum difference for significance d= 3-7, 4:9, 6-5. P=0-05, 
0-01, 0-001. 


After the injection of butyrate, or on rare occasions propionate, the ani- 
mals responded immediately with marked respiratory distress, excessive saliva- 
tion and partial collapse. This condition lasted for a period of about 30 
minutes to one hour and was then followed by a rapid recovery. A similar 
response was produced when a dose of 2-5 mM/kg. was injected. In view of 
this reaction, it is debatable whether any reliance can be placed on the obser- 
vations made on the lactic and pyruvic acids and sugar of the blood. A rise 
occurred in the concentration of these substances but to some extent the results 
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were rather equivocal. There was, for example, much greater individual varia- 
tion between animals following the treatment with butyrate than with acetate 
or propionate and this made any statistical analysis difficult to interpret. A 
marked rise in the blood sugar level occurred at the 30 minute sample and 
persisted until the end of the first or second hour when it usually fell towards 
the pre-injection level. The levels of lactic and pyruvic acids in the blood were 
markedly elevated two hours after the injection of butyrate, and thus the 
maximum response, as measured by the level of these glucogenic substances, 
occurred some time after the animals had visibly recovered. 
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Fig. 1. Concentrations of volatile acids, ketones, lactic and pyruvic acids in the blood 
of sheep No. 38 following injection of 5 mM/kg. of acetic acid. propionic acid, or a mixture 
of the two. 


Two animals were fasted for five days, in order to deplete reserves of 
glycogen, after which they received an injection of butyrate. On these occa- 
sions also, the rise in blood sugar occurred and was accompanied by a delayed 
slight rise in pyruvic acid. 

Determinations made on the carbon dioxide content of the blood revealed that 
this response to butyrate could probably not be attributed to any alteration in the 
acid-base equilibrium. Although a delayed rise in the carbon dioxide content 
of the blood occurred, it was of no greater magnitude than that produced after 
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the injection of 20 gm. sodium bicarbonate which resulted in no alteration to 
the levels of sugar or pyruvic acid. Butyrate, like propionate, when adjusted 
to pH 5, caused little change in carbon dioxide content of the blood and yet the 
rise in blood sugar still occurred. 

The concentration of volatile acid in the blood following the butyrate injec- 
tion indicated that the butyrate was not removed as rapidly from the systemic 
circulation as the acetate, the level at both the one hour and two hour samples 
being 4-5 mM. volatile acid/l. higher than when acetate had been injected. 


TABLE 4. 


Carbon dioxide content in blood (vols. p.c.) 


Mean values at times of sampling 


Treatment 0 5 30 60 120 180 
Acetate pH 7-0 55-8 63-3 70-5 dD 
Propionate pH 7-0 55-4 65-6 73-5 73-0 68-3 
Propionate pH 5-0 55-4 _— 54-3 60-9 68-0 
Butyrate pH 5-0 57-0 49 55 66-0 
Bicarbonate 10 gm. 55-8 — 69-8 63-8 59-8 
Bicarbonate 20 gm. 68 —— 96 93 83 
Butyrate pH 7-0 56 —_— 60 67 80 
TABLE 5. 

Reducing sugar in blood (mg./100 ml. blood) 
Mean values at times of sampling 
Treatment 0 5 30 60 120 180 
Propionate pH 7 52-4 _- 110-2 91-6 66-1 50°6 
Butyrate pH 7: .y 63-8 94-8 135-2 110-0 87-0 71-2 
Propionate pH 5-0 51-5 122-8 113-5 
Butyrate pH 5:0 41-0 _ 93-3 84-0 64-7 


TABLE 6. 
_Fyute acid in blood (ang. /100 ml. blood) 


Mean values at times of sampling 


Treatment : 0 5 30 60 120 180 
Butyrate 1-15 1-21 1-88 2-06 2:48 
Propionate and 

Butyrate 0-94 1-08 2-08 2-50 3-18 2-34 


Lactic acid in blood (mg./106 ml. blood) 


Mean values. at times of sampling 
30 60 120 180 


o 


Treatment 0 


Butyrate pH 7-0 16-6 19-8 32-8 42-4 33-4 14-5 


= 
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The marked ketogenie effect of the butyrate was evident when values of 
20-30 mg. of ketone bodies expressed as B-hydroxybutric acid/100 ml. blood were 
attained at the one hour sample. When the butyrate was combined with pro- 
pionate the ketone body level differed only slightly from that following butyrate 
alone. 

Although the details of each animal are not given in tabulated form, the 
response of animal No. 38 to injections of acetate, propionate or a mixture of 
the two is summarized in the series of graphs presented in Figure 1. Observa- 
tions made following the injection of butyrate are shown in Tables 4, 5 and 6. 


DISCUSSION. 


The observations made after the administration of acetate, propionate or the 
mixture, present a number of interesting features, but the results following the 
injection of butyrate are to some extent equivocal. 

In non-ruminants it has long been established that propionate is a glucogenic 
substance, and recent work of Phillipson (1947), Jarrett (1948), Reid (1950), 
Jarrett and Potter (1950b) has shown that this also applies to the ruminant. 
The marked rise which occurred in the concentration of sugar, lactic and pyruvic 
acids in the blood after the propionate injection, supports the observations of 
Reid (1950) that propionate is effective in relieving hypoglycaemia in sheep. 
From observations based on analyses of portal and peripheral blood of sheep, 
Reid (1950) has suggested that propionate is removed from the portal system by 
the liver almost as rapidly as it is absorbed from the alimentary tract. The 
tolerance curves established here for the volatile acids showed that propionate 
was certainly removed from the systemic blood more rapidly than either acetate 
or butyrate. 

Smyth (1947) in a study of the rate of removal of acetate following its 
intravenous injection into cats under chloralose anaesthesia reported that acetate 
rapidly disappeared from the blood and was readily metabolized by the liver. 
Similar results have now been obtained with sheep. 

The tolerance curves were closely reproducible when the same dose of ace- 
tate/kg. was injected, the bulk of the acetate being removed during the first two 
hours. The concentrations of sugar, lactic and pyruvic acids in the blood indi- 
eated that, following acetate injection, no measurable rise in the levels of these 
glucogenic intermediaries occurred. Acetate containing labelled carbon atoms 
ean contribute carbon to the glycogen molecule (Lorber, Lifson and Wood, 
1945), but this is very different from the classical concept of an actual glycogen 
formation with a resulting net increase (Lifson, Lorber, Sakami and Wood, 
1948). 

The metabolic processes involved in the utilization of butyrate are difficult 
to interpret. The butyrate was markedly ketogenic in sheep which is in 
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agreement with the recognized nature of this substance. However, the rise 
in concentration of blood sugar and the gradual rise in the pyruvic acid level 
were somewhat difficult to assess. Even though the carbon of butyric acid can 
be incorporated into liver glycogen (Lifson, Lorber, Sakami and Wood, 1948) 
the rise in blood sugar must still be viewed in conjunction with the observations 
of Deuel, Johnston, Morehouse, Rollman and Winzler (1945) whose results 
indicate that any net increase in glycogen formation is unlikely. Moreover, 
Pollak (1922) obtained no increase in blood sugar after the subcutaneous injec- 
tion of the sodium salts of acetic or butyric acids to fasted rabbits. Therefore, 
the possibility arises that the response following the injection of butyrate may 
have been due to glycogenolysis mediated through the sympatho-adrenal system. 
The fact that in the blood the carbon dioxide content rose following the buty- 
rate injection does not necessarily implicate the acid-base balance of the animal, 
for a similar rise occurred, after the injection of acetate or sodium bicarbonate 
without any increase in the concentration of sugar, lactic or pyruvic acids. 
However, the respiratory distress, which followed the butyrate, indicated some 
abnormal physiological condition which was not apparent with acetate and only 
slightly noticeable with propionate when equimolar amounts were used. 

The most significant aspect of this study is in relation to the production of 
ketone bodies. The ketogenic effect of acetate when fed to fasted rats was 
observed by MacKay, Barnes, Carne and Wick (1940). However, Forbes (1943) 
has reported no increase in ketone body excretion after the administration of 
acetic acid to a goat. Schultz, Smith and Lardy (1949) have also reported that 
no incregse in the concentration of ketone bodies in the blood could be observed 
following the intravenous injection of 10 gm. of acetic acid into a goat. The 
results, however, with oral administration of 30 gm. of acetic acid to normal 
goats (average weight 98 lb.) showed a slight rise in blood ketone bodies which, 
in view of our results, would appear to be significant. 

The fall in the level of circulating ketone bodies which occurred after the 
injection of propionate is in agreement with the anti-ketogenic effect of a gluco- 
genic precursor. 

If the oxidation of fatty acids proceeds via the cyclophorase system (Graff- 
lin and Green, 1948) it is probable that oxaloacetate or one of its precursors 
plays an important réle in a condensation reaction with acetate or acetoacetate. 
The fact that propionate can lead to a rise in pyruvate, a known precursor of 
oxaloacetate lends support to the suggestion that, in the ruminant, oxidation of 
acetate may be linked with that of propionate. As the utilization of acetate may 
be facilitated by the presence of pyruvate (Bloch and Kramer, 1948) the rela- 
tively limited supply of glucose available to the ruminant may then place greater 
stress on the concurrent supply and metabolism of propionate. 

Of interest in this respect are the results of Folley and French (1948) who 
have shown that acetate is utilized more readily for the synthesis of the shorter 
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chain fatty acids of milk fat by lactating mammary gland tissue from ruminants 
than from non-ruminants. However, it was subsequently shown (Folley and 
French, 1949) that lactating mammary slices from rabbits and rats could utilize 
acetate in the presence of small quantities of glucose. 

Of the total fatty acid absorbed from the paunch of the ruminant both 
acetic and propionic are probably of major quantitative importance, and under 
normal feeding conditions it seems possible that a metabolic balance may exist 
between them. In this respect it is interesting to note that Breirem, Ender, Halse 
and Slagsvold (1949) claim that no cases of clinical ketosis occurred in cows fed 
rations rich in cellulose but very poor in sugar. Evidence from rumen diges- 
tion studies (Elsden, 1945; Marston, 1948, and Gray et al., 1951) has indicated 
that an active fermentation of cellulose leads to the formation of significant 
amounts of both acids. 

In view of our observations it is suggested that in the ruminant the oxida- 
tion of acetate or acetoacetate may be impaired if the production or metabolism 
of propionate is in any way inhibited, with a possible development of ketosis. 


SUMMARY. 


The concentrations of volatile acids, sugar, ketone bodies, lactic and pyruvic 
acids in the systemic blood were determined at intervals following the intra- 
venous injection of acetic or propionic acids, or an equimolar mixture of the 
two. Butyrie acid was also administered under similar conditions. 

The tolerance curves for the volatile acids indicated that propionate was 
removed more rapidly than acetate or butyrate from the blood stream. Acetate 
alone caused no significant rise in the concentration in the systemic blood of 
sugar, lactic acid and pyruvic acid. Propionate, however, did produce a marked 
inerease in the blood levels of these glucogenic substances. 

Both acetate and butyrate when given alone were markedly ketogenic whereas 
propionate caused a slight reduction in circulating ketone bodies. The presence 
of propionate in a mixture of acetate and propionate prevented the rise that 
normally would have followed acetate alone. 
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CARBOHYDRATE METABOLISM IN THE YOUNG LAMB 
by I. G. JARRETT anp B. J. POTTER 


(From the Division of Biochemistry and General Nutrition of the C.S.1.R.0., 
University of Adelaide). 
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The ruminant derives its main source of energy from simple fatty acids 
produced by fermentation in its paunch. This implies an intermediary meta- 
bolism of which the low concentration of sugar in the blood of the adult rumin- 
ant is possibly a reflection. The metabolism of the newly born ruminant, how- 
ever, might be expected to simulate closely that of other animals as, during the 
period before rumination begins, the lamb derives a considerable part of its 
energy from lactose. 

The blood of the young lamb and calf has been reported to contain rela- 
tively high concentrations of sugar (Jarrett and Potter, 1948; McCandless and 
Dye, 1949) and the tolerance of young ruminants to glucose administered by 
intravenous injection is typical of non-ruminants. The adult ruminant, how- 
ever, has not the same capacity to deal with injected glucose and so the subse- 
quent hyper-glycaemia is sustained for a longer period (McCandless and Dye, 
1950). The report of very high concentrations of sugar in the blood of foetal 
lambs (Passmore and Schlossmann, 1938), the observation by Cole and Hitch- 
cock (1946) that considerable quantities of fructose are present in the blood of 
foetal sheep, and the confirmation of this by Bacon and Bell (1948) have raised 
further interesting problems associated with the metabolism of sugar in the very 
young animal. 

Following a few preliminary observations during the 1947 lambing season 
(Jarrett and Potter, 1948) a further investigation was made of the concentra- 
tions of reducing sugars, fructose, pyruvic acid and total volatile acids in the 
blood of young lambs, and of glucose tolerance at birth and during the first few 
weeks of life. 


EXPERIMENTAL METuops. 


Blood samples were taken from the jugular vein of newly-born Merino lambs as soon as 
possible after birth and at intervals thereafter for a period of 10-12 weeks. In most cases the 
initial sample was obtained a few minutes after delivery. Some animals were allowed to 
suck immediately; others were not allowed access to the ewe for 8-15 hours. During the 
first day blood samples were taken at 1, 2, 4, 8, 12 and 18 hours, subsequently once a day for 
seven days, and thereafter at weekly intervals. The tolerance of the lamb to injected glucose 
was determined at weekly intervals. Glucose equivalent to 1 gm./kg. was injected as a 25 p.c. 


‘ 

4 

4 

‘ 


208 I. G. JARRETT anv B. J. POTTER 


solution into the jugular vein; at 30 minutes, 1, 2, and 3 hours after the injection blood 
samples were collected into tubes containing potassium oxalate and sodium fluoride to prevent 
glycolysis (Somogyi, 1948), and the analyses were carried out within a few hours of sampling. 
Total reducing sugar was determined by the method of Shaffer and Somogyi (1933); fruc- 


tose by the method of Roe (1934); and pyruvic acid by the method of Friedemann and 
Haugen (1943). 

The volatile acids were estimated by a modification of the method of Friedemann (1938). 
Ten gm. of magnesium sulphate and one ml. of N sulphuric acid were added to ten ml. of 
Folin-Wu tungstic acid blood filtrate (Peters and Van Slyke, 1932) and distillation was 
carried out at a constant volume. Fifty ml. of distillate, collected over a period of one hour, 
were divided into two twenty-five ml. aliquots and titrated with 0-01 N sodium hydroxide to 
pH 7-0; the end-point was determined electrometrically. 

Some of the blood samples from newly-born lambs and from their dams were submitted 
to chromatographic methods adapted for the identification and estimation of sugars in small 
amounts of blood (Frahn, 1951). 


RESULTS. 


Determinations made on blood samples taken from 22 lambs within a few 
minutes of birth and before they had sucked, indicated a concentration of total 
reducing sugar of 90-160 mg./100 ml. of blood with an average of 128 mg./ 
100 ml. Eight of these lambs were withheld from their dams for 8-15 hours 
during which period the level of total reducing sugar in the blood fell rapidly. 
In these animals an average level was 90 mg./100 ml. after the first two hours; 
this fell subsequently to 50 mg./100 ml. Immediately after sucking, the total 
reducing sugar rose to 140-180 mg./100 ml., and persisted at this high level for 
several days, after which it slowly declined until the normal adult level was 
reached at about six weeks after birth. 

A fall in total reducing sugar also occurred during the first hour in those 
lambs which sucked immediately after birth. Associated with sucking and the 
ingestion of milk, however, the concentration of sugar in the blood increased 
gradually to the high values that were encountered in all lambs one to three 
days after birth. 

Fructose was found in the blood of all lambs at birth and comprised 40-80 
mg./100 ml. of the total reducing sugar. It was present for 3-4 hours, during 
which time the concentration gradually fell to 8-10 mg./100 ml. and after a 
further 1-2 hours it could not be detected. The changes which occur in con- 
centrations of sugar and pyruvic acid in the blood of newly born lambs are shown 
in Fig. 1. 

Paper chromatography was employed as a means of separating and identify- 
ing fructose and glucose present in the blood of new-born lambs. The depro- 
teinized blood (5 ml.) was first de-ionized and evaporated to dryness under 
reduced pressure. The residue was taken up in one or two drops of water and 
transferred to the starting lines of paper chromatograms which were developed 
respectively, with the following solvents: n-butanol-ethanol-water-ammonia 
(Partridge, 1946), ethyl acetate-acetic acid-water, and ethyl acetate-pyridine- 
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water (Jermyn and Isherwood, 1949). The chromatograms were dried and 
sprayed with urea oxalate (Hirst, McGilvray and Percival, 1950) which revealed 
the presence of fructose as a typical greyish spot the Rg value of which corre- 
sponded with that of an authentic sample of fructose used as a control. Quan- 
titative paper chromatography (Flood, Hirst, and Jones, 1948) on some of the 
blood samples indicated that the concentration of fructose agreed closely with 
that determined by Roe’s method. 
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Fig. 1. The concentrations of sugar, fructose and pyruvic acid in the blood of newly- 
born lambs; animal No. 9 allowed access to ewe immediately after birth, animal No. 8 
withheld for 8 hours. 


A replicate set of chromatograms developed with the same solvents and 
sprayed with aniline oxalate confirmed the presence of glucose. The blood of 
adult sheep treated similarly revealed the presence of glucose only. This was 
the case also with the blood of lambs 1-2 weeks old in which neither galactose 
nor lactose could be detected by the above technique. 

During the first 8-12 hours little change occurred in the concentration of 
pyruvic acid in the blood of those animals allowed to suck after birth. How- 
ever, in those lambs which were withheld from the ewe an immediate rise from 
a value of 2-0 mg. p.c. to 3-5 mg. p.c. occurred with the onset of sucking. 
This rise was only transient and the level returned to the previous value within 
four hours; thereafter in all cases the concentration gradually fell to about 1-5 
mg./100 ml. 

The duration of hyperglycaemia (3-5 hours) which is characteristic of an 
adult sheep after the intravenous injection of 1 gm. of glucose/kg. has been 
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confirmed. The concentration of total reducing sugar in the blood of the very 
young lamb, under similar conditions, returned to the pre-injection level by the 
end of 14 hours. As the young lamb becomes older the duration of the hyper- 
glycaemia gradually increases until at the age of 16-18 weeks the lamb is ap- 
proaching the characteristic adult tolerance to injected glucose. Owing to the 
lability of pyruvic acid in the blood of an active animal it was not always pos- 
sible to obtain conclusive results following glucose administration. However, in 
those very young lambs which were 
maintained in a placid condition 
throughout the period of handling, 
the results indicated that the pyru- 
vie acid levels rose slightly after 
the injection of the glucose. Curves 
illustrating the tolerance to in- 
jected glucose of a lamb one day 
old and four months old respec- 
tively are shown in Fig. 2. 

A number of observations made 
on the total volatile acids in the 
systemic blood of lactating ewes 

‘al ; showed that the concentration 

- there pestdnjedtes 3 ranged between 2 and 15 ml. 0-01 

Fig. 2. Curves illustrating the tolerance to N volatile acid/100 mi. blood. 
injected glucose (1 gm./kg.) in a lamb 1 day Although regular estimations 
old (O—O) and a lamb 4 months old : 

(e—e). were not carried out on all lambs, 

samples obtained from 10 of them 
at various intervals throughout the first six weeks showed that they also con- 
formed to this range. 


260 


n 
° 


° 


Total reducing, sugar mg./100 mi. 


DISCUSSION. 


The results reported above indicate that the total reducing sugar in the 
blood of lambs at birth is of the order of 100 mg./100 ml.; 40-80 mg. of this is 
present as fructose. Several hours after birth, however, the concentration of 
total reducing sugar is 50-60 mg./100 ml.; at this stage the concentration of 
fructose is reduced to a negligible level. 

Cole and Hitchcock (1946) and Bacon and Bell (1948) have shown that 
there is a high concentration of fructose in foetal blood and the latter authors 
have suggested that this may rapidly disappear after birth. Orr (1924) has re- 
ported the presence of a fructose-like substance in the blood of a kid just after 
birth and Cole and Hitcheock (1946) found some fructose in the blood of a lamb 
one hour after birth. Huggett, Warren and Warren (1951) have also reported 
the presence of fructose in the blood of a lamb 30 minutes after birth, 
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These results reveal that the ‘‘so-called glucose’’ (Barcroft, 1946) remains 
at a fairly constant level of about 50 mg./100 ml. early in post-natal life. After 
sucking, however, the total reducing sugar and pyruvic acid in the blood increase, 
and it has been possible to show by partition chromatography that after the 
period during which fructose is present, glucose is the only sugar in the blood. 
Lactose and galactose were not found in the blood of the lamb: in view of the 
readily available supply of lactose from the milk, however, the high blood sugar 
of the young lamb may be the consequence of an alimentary hyperglycaemia. 
When lambs aged two weeks were starved for 24-48 hours their blood sugar 
was reduced to a level which indicated that the hyperglycaemia was transitory 
and probably of alimentary origin. 

The rise in pyruvie acid which occurred with the onset of sucking in those 
lambs withheld from the ewe for 8-12 hours differed from the constant values 
observed in lambs allowed to suck immediately after birth. This rise was accom- 
panied by a rise in blood sugar. However, when glucose was given by intra- 
venous injection the rise in pyruvie acid was by no means as marked as after 
the natural intake of milk even though the blood sugar level was temporarily 
elevated to a much greater extent. This difference may indicate the possibility 
of some metabolic effect associated with initial sucking and the intake of large 
amounts of lactose after previous fasting. 

The results of the glucose tolerance tests agree with those reported by Me- 
Candless and Dye (1950) and show that as the young lamb becomes older and 
develops the feeding habits characteristic of the adult, the return to the pre- 
injection level following the administration of glucose is much more prolonged. 

From the observations of Schalk and Amadon (1928) with calves it would 
appear that although some solid material in the form of wisps of hay is present 
in the rumen during early weeks of life it is probably not until the animal is 
several weeks old that the development of the rumen is such that fermentation 
is initiated. At this stage one would expect a gradual increase in available 
volatile acids concurrent with a reduction in the supply of sugar and a trend 
towards the metabolic processes of the adult; but the concentration found in the 
systemic blood of a young lamb is of the same order as that of the ewe irrespec- 
tive of the marked difference between the diets. These results agree with those 
of Barecroft, McAnally and Phillipson (1944) for values obtained from the 
jugular vein, and in view of their figures for blood draining the rumen it seems 
probable that the major portion of the volatile fatty acids are removed from 
the portal system. 

The observations presented here, and those of McCandless and Dye (1950) 
suggest that some aspects of the carbohydrate metabolism of the young lamb 
differ from those of the adult and more closely resemble those of the non-rumin- 
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SUMMARY. 


Determinations made on the concentration of total reducing sugar and of 
fructose in the blood of the young lamb showed that at birth the blood contained 
about 110 mg. of total sugar/100 ml. of which 60 mg./100 ml. consisted of 
fructose. 

After birth the fructose concentration fell sential and reached a level of 
4-8 mg./100 ml. about five hours later. 

When the lamb had sucked, a rise in glucose and a transient rise in pyruvic 
acid in the blood were observed. The level of glucose was maintained at 120 mg./ 
100 ml. for two weeks and during the next eight weeks gradually fell to the 
adult level. 

The duration of hyperglycaemia following the intravenous injection of 
glucose was much shorter in the young lamb than in the adult sheep. 

The concentration of total volatile acids in the systemic blood of young 
lambs was of the same order as adult sheep, 2-15 ml. 9-01N volatile acid/100 ml. 
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This study on sheep was undertaken to determine whether prolonged 
excess Nat subtraction would cause a reduction of glomerular filtration rate 
and of the plasma volume. If this were so, it would be of great interest to 
see the effect of the consequent reduction of filtered loads of the electrolytes on 
the efficacy of renal control of extracellular electrolyte pattern, in these cir- 
cumstances mainly achieved by excretion of Cl- in excess of Na*. 

To present the problem in its context. 

Previously we have studied excess Na+ subtraction in man (Denton, Wynn, McDonald 
and Simon, 1951). The most striking example of excess Na*+ subtraction in man is the 
post-gastrectomy type of duodenal fistula. It has been found that when sodium is subtracted 
in excess of chloride relative to the extracellular ratio of these two ions, the ratio Cl/Na in 
the extracellular fluid remains invariant relative to the magnitude of the distorting stress. 
This is because the kidney excretes an approximately commensurate amount of chloride in 
excess of sodium relative to the stress. Clinical observation and creatinine clearance deter- 
minations on such patients who had considerable negative electrolyte balances suggested that 
these renal pattern control mechanisms continued to operate despite considerable circulatory 


deterioration. They also continued to operate even though plasma concentrations were reduced 
below normal. 

If substantiated by further observations, these latter findings would indicate that the 
kidney has greater capacities for control of homeostasis of the extracellular fluid than could 
be inferred from some current hypotheses, e.g. the concept of a renal threshold—or the applica- 
tion of the Tm hypothesis of re-absorption of certain non-electrolytes to the distal tubular 
re-absorption of electrolytes as set out by Wesson, Anslow and Homer Smith (1948). 


MATERIALS AND METHODs. 


The main purpose of this study was to examine the renal physiological 
proposition outlined above. We were also most interested in the physiology of 
excess Nat subtraction in a species other than man, as the question would 
seem to have some general biological importance (Denton, Wynn, McDonald 
and Simon, 1951). 

So as to facilitate description of individual protocols, we will set out first 
certain features different from those of man in the overall organization of ionic 
homeostasis in this cellulose digesting ruminant. 


1 This work was supported partly by grant from the National Health and Medical 
Research Council. 


; 

3 

Fe 

a 


<4 


214 D. A. DENTON, I. R. McDONALD, J. MUNRO anv W. WILLIAMS 


1. The grass, chaff, ete., taken into the sheep’s rumen is broken down by 
bacterial fermentation, and a large fraction of the end products are volatile 
fatty acids which are absorbed directly from the rumen. Protein and other 
material passes on into the abomasum (analogous to the stomach in the car- 
nivora). The fermentation changes in the rumen involve considerable fall of 
pH, and this is countered by the secretion of from 2-7 litres per day of very 
alkaline saliva. Normally the saliva contains 140-150 m.eq. per litre of Na* 
and 10-40 m.eq. of Cl ion. The secretion process is stimulated by intermit- 
tent regurgitation of the acid ruminal contents into the mouth. This digestion 
of large quantities of grass sets free much K* ion. Thus, under usual condi- 
tions, there is a large excess of this cation available for excretion in the urine, 
and hence no stimulus to the production of the cation NH{ in the kidney 
tubules. This factor may affect the time relationship of response of this 
mechanism when the situation is suddenly changed to one of extracellular 
cation deficiency. 

2. It has been observed (White, 1951; Harris, MeDonald and Williams, 
1952) that within four to eight hours of nonspecific trauma, an alteration in 
the extracellular electrolyte pattern of the sheep occurs. There is a fall of 
extracellular Cl- concentration, a rise in extracellular HCO; concentration, and 
thus a fall of extracellular Cl/Na ratio. This change is generally associated 
with a rise of extracellular pH. It would appear that a shift of electrolytes 
between extracellular and intracellular fluid is involved in this change rather 
than a renal mechanism, since our evidence to date shows that the kidney 
reacts characteristically to the lowered extracellular Cl/Na ratio by a sharp 
fall in urine Cl/Na ratio. We have reported previously that a marked rise in 
urinary Nat excretion may follow incision and washing out of the sheep’s 
rumen. As will be seen in the subsequent protoe'», this urine pattern with 
Nat in excess of Cl- may persist for as long as 24 hours despite copious 
excess Na+ drainage from the extracellular fluid. The nature of the mechan- 
ism producing this change in extracellular pattern is not known. 


Experimental procedure. 


The Pepin strain of Merino sheep (4-year-olds) which we used have red cells which 
have a high Na+ and a low K+ content (approximately 100 m.eq. of Na+ and 10 m.eq. of K+ 
per litre of red cells). These cells could act as a Na+ reserve, but only to a very small extent— 
20-30 m.eq.—see Protocol B (Denton, Wynn, McDonald and Simon, 1951). 

For several weeks prior to the experiment, the animals were not allowed access to grass, 
and were fed on a standard bran-chaff-pollard mixture. This avoided the situation of the 
animals commencing the experiment with a very full rumen and a urine with an exceedingly 
high K+ content. If shearing was necessary, it was done some days before the operation. 
Preoperatively, the animals had a Mallecot urinary catheter inserted, and an intravenous drip 
of 5 p.c. glucose in distilled water was run in through a polythene cannula in the jugular vein. 
This glucose infusion continued for the duration of the experiment. Preliminary inulin clear- 
ances and plasma volume determinations were made, and in some experiments muscle was 
taken from the thigh region for analysis. 
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Excess Na+ subtraction in the sheep was produced by making an oesophageal fistula. 
The oesophagus was approached anterior to the carotid sheath six inches below the angle cf 
the jaw on the left side. A glass cannula, with an obtuse angled bend in it, was sewn in, and 
connected to a container. The distal end of the oesophagus was oversewn. In practically 
all cases the saliva drained copiously from the outset, and as much as 4 litres were collected 
per 24 hours. This was large in view of the fact that intermittent ruminal regurgitation, 
which is the main reflex stimulus to salivary flow, was prevented. 

When desired, the rate of flow of saliva was increased by a mechanism which blew hot 
acetic acid vapour into the oesophageal cannula at intermittent intervals. This simulated 
ruminal regurgitation. In the studies previously reported, the rumen was washed out at the 
time of the oesophageal fistula operation. This was done to remove the ruminal Na+ reserve. 
However, in these experiments we have not done this. It was found that fistula flow was 
sufficient in most cases to produce circulatory collapse within 72-96 hours. The large part of 
this ruminal Na+ is absorbed during the experiment. Very little fluid is found in the alimen- 
tary canal post-mortem (ef. analyses done previously—Denton, Wynn, McDonald and Simon, 
1951). Because it was found that the rapidity of this circulatory collapse was such that 
there was little time for adaptive mechanisms to commence operation, we gave some compen- 
satory intravenous ionic intake in about half the experiments. Either fluid with the same 
Cl/Na ratio as the extracellular fluid, or isotonic saline was given. Under these circumstances, 
the animals survived several days longer, and more effective renal homeostatic response was 
seen. The animals were given 300,000 units of penicillin b.d. during the course of the experi- 
ment, 


Chemical methods, 


Most of these have been reported previously (Harris, MeDonald and Williams, 1952). 
The procedure used for inulin clearance determinations was that set out by Homer Smith 
(1951). We used the constant infusion technique so as to endeavour to keep extracellular 
concentration constant. The bladder was emptied by manual expression. The rate of infusion 
was adjusted so that the rate of urine flow during all clearance periods was approximately 
constant. This would tend to render constant certain sources of error in clearance procedure 
(Homer Smith, 1951). Inulin was estimated chemically by the method of Roe, Epstein and 
Goldstein (1949). Eosinophiles were counted in s Fuchs Rosenthal chamber. 


RESULTS. 


The following features were common to all protocols, and will be recorded 
prior to detailed analyses of the electrolyte balances and renal physiology in 
each one. 


THE FISTULA STRESS. 
Composition. 

Initially the Na* concentration of the saliva approximately equalled the 
extracellular Na* concentration, 135-150 m.eq. per litre. The Cl- concentration 
was 20-30 m.eq. per litre. The K+ content was 19-20 m.eq. per litre, the HPO, _ 
content, 20 m.eq. per litre, and Ca++ and Mg++ were both very low, 1:5 
and 0-5 m.eq. per litre respectively. Thus the initial Cl/Na ratio of the sub- 
traction stress was very low, 0-14-0-2, and the equivalent amount of anion 
accompanying Na+ was HCO; which was concentrated 3-5 times relative to 
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extracellular fluid. The pH, as collected without precaution against loss of 
CO. was approximately 8. These findings confirm the analyses of parotid duct 
saliva of sheep by McDougall (1948). 


Rate of secretion. 


If, as was usually the case, the operation was done rapidly and there was 
no evidence of shock, the rate of flow from the fistula was greatest at the com- 
mencement. For example, sheep O.F. (4) secreted 7-2 litres of saliva contain- 
ing 1,000 m.eq. of Na+ and 212 m.eq. of Cl- within 50 hours of operation. 
About three litres per day was usual during the initial period of drainage. 


Change of composition. 


As flow from the fistula progressed and caused a negative electrolyte balance 
and decreased plasma Na+ concentration, there was a large change in the 
saliva composition. The Na+ concentration fell rapidly and continuously, and 
reached as low as 80 m.eq. per litre. At the same time the K+ concentration 
increased up to 40 m.eq. per litre. Thus, although the saliva had a lower Nat 
concentration than the extracellular fluid, the increased K+ content caused the 
milliosmolar content to remain approximately equivalent to extracellular fluid. 
Simultaneously the Cl- content increased up to 40-60 m.eq. per litre, and thus 
the Cl/Na ratio of the stress rose to 0-3—0-6, i.e. relative to the extracellular 
fluid, there was a marked diminution of distortion stress. A rise of PO, 
ion secretion—up to 30-50 m.eq. per litre was also observed. These changes 
of composition were assaciated with a reduction of the rate of flow to 1-2 litres 
per day. If Na+ replacement therapy was given, the Na+ concentration of 
saliva rose again. 


THE EXTRACELLULAR FLUID. 


The excess Nat subtraction from the oesophageal fistula causes stress on 
the control of the three main features of the extracellular fluid : 


(a) The volume. 
(b) The water-total electrolyte relationship, i.e. the osmotic pressure. 
(ec) The electrolyte pattern. 


As has been analysed in detail previously (Denton, Wynn, MeDonald, and 
Simon, 1951) the mechanism of control of one property may simultaneously 
jeopardize the efficacy of homeostatic control of the others. Considering the 
effect of fistula drainage on each of these features in turn: 


Extracellular volume. 


The plasma volume decreased progressively in all cases, except where intra- 
venous intake was given in excess of the subtraction stress. It fell to 50-75 p.e. 
of the preoperative determination. The preoperative determinations were 
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approximately equivalent to values calculated on the basis that extracellular 
fluid volume is 20-25 p.c. of body weight, and the plasma is 25 p.c. of the 
extracellular fluid volume. In the 35-40 kg. sheep we were using, this equalled 
2,000-2,300 ml. As a result of fistula drainage the plasma volume was reduced 
to 1,100-1,700 ml. This reduction of plasma volume was almost certainly asso- 
ciated with a reduction of extracellular volume but we have no information as 
to whether it was proportional. In dogs with electrolyte depletion the plasma 
volume is reduced to a greater degree than the extracellular volume is itself 
reduced (Elkinton, Danowski and Winkler, 1946). In O.F. 9 the extracellular 
volume was determined preoperatively by the constant infusion of inulin tech- 
nique of Schwartz, Schachter and Freinkel (1949), and was found to be 6-8 
litres. Calculated as 20 p.c. of body weight, the extracellular volume equalled 
7-1 litres. After six days of fistula drainage, during which time very little 
replacement therapy was given, it was determined to be 2-2 litres. However, 
often the fall of plasma volume was not as great as might be expected from 
the magnitude of the negative electrolyte balance. It is probable that this was 
due to the fact that when depletion was gross, volume was preserved at the 
expense of reduction of extracellular osmotic pressure. That is, the extra- 
cellular water-total electrolyte relationship altered in the direction of a depletion 
of electrolytes relative to the normal relationship. 

Haematocrit determination showed that the red cell volume per unit volume 
of blood rose as much as 10 p.c. in some cases. However, in only a few instances 
(O.F. 1) was the rise equivalent to that which might be expected from the 
recorded decrease of plasma volume. In some instances there was a fall of 
haematocrit despite plasma volume decrease. It would appear, therefore, that 
diminution in the amount of circulating red cells occurred as was the case in 
anuria of sheep (Harris, McDonald and Williams, 1952). This may have been 
a consequence of either increased blood destruction or actual withdrawal of 
cells from circulation, the end result being that the effect on blood viscosity of 
the rapidly falling plasma volume would be to some extent countered. 

Total plasma protein concentration showed rises of 1-2 gm. p.c. in some 
cases, whereas in others it remained approximately constant. The recorded 
reduction of plasma volume indicates that there was a reduction of total cireu- 
lating protein in most instances (cf. Elkinton, Danowski, and Winkler, 1946). 

The cardiac rate rose from the usual of approximately 100 per minute, as 
the loss of electrolytes from the fistula increased, and plasma volume diminished. 
Towards the end of the experiment when the animal was very weak and had 
great difficulty in standing, the rate was often as high as 160 per minute. 


Extracellular osmotic pressure. 


The osmotic pressure depends on the water-total electrolyte relationship of 
the extracellular fluid. As Na+ is the main cation, and there is electrical neut- 
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rality in the fluid, the rapid fall of extracellular Na+ concentration seen in all 
experiments was a direct index of a large fall in extracellular osmotie pressure. 
For example, in O.F. 1 the initial extracellular milliosmolar value was approxi- 
mately 300 per litre, whereas after 72 hours of fistula drainage it was reduced 
to approximately 235 per litre. In view of the fact that after some time of 
fistula drainage, the saliva was much reduced in Nat concentration relative to 
the extracellular Na+ concentration, this fall of extracellular Na+ concentration 
can be attributed to the retention of some of the distilled water in which 5 p.c. 
glucose was being continuously infused. This was given at a rate of 2-3 litres 
per day so as to maintain a urine flow of 0-5-1-5 ml. per minute during the 
experiment. However, the lowered extracellular osmotic pressure found is con- 
sistent with the well established fact that when electrolyte depletion becomes 
gross, there is a compromise between extracellular volume control on the one 
hand, and extracellular osmotic pressure control on the other. In the early 
stages of electrolyte depletion water is excreted part passu with the electrolyte 
loss, thus preserving the water-total electrolyte relationship at the expense of a 
volume reduction. Later, as depletion becomes gross, volume is preserved to 
some extent at the expense of a fall of electrolyte osmotic pressure (McCance, 
1936). The situation seen finally was, however, in marked contrast to that 
which would occur if the kidney showed no osmoregulating capacity, and suffi- 
cient water of the intravenous 5 p.c. glucose infusion was retained to preserve 
the volume at its preoperative level. Under these circumstances in most cases 
the extracellular Na+ level soon would have fallen well below 100 m.eq. per 
litre. Actually in two instances (O.F. 1 and O.F. 4) this situation was produced 
in the terminal stages when circulatory collapse had been so gross as to produce 
anuria, 274 intravenous infusion of 5 p.c. glucose solution had been continued. 


The extraceclular electrolyte pattern. 


The blood pH fell continuously. By the time depletion was gross it had 
decreased to 7:10-6:90. 

The extracellular Cl/Na ratio. As already indicated there was a rapid 
fall of plasma Na*. In most cases Cl- concentration also fell, the exceptions 
being when isotonic saline (Cl: Na=1:1) was given as ionic replacement. 
Under these circumstances there was sometimes a small rise. Thus in all 
eases there has been an increase of plasma Cl/Na ratio from a normal 
value of approximately 0-70-0-76 to the range of 0:78-0:86. This rise, 
whilst representing a considerable distortion of pattern as was reflected in the 
fall of HCO; ion concentration from 25 to approximately 10-15 m.eq. per litre, 
was, however, quite small when considered relative to the calculated distortion 
stress on extracellular Cl/Na ratio. This will be set out in detail in the dis- 
cussion of individual protocols. Allowing for the decrease in extracellular fluid 
volume, the rise of Cl/Na ratio observed was indicative that relative to Na+, 
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the extracellular fluid contained approximately 100 m.eq. more of Cl- ion, thus 
accounting for a certain proportion of the stress. 

In those experiments where blood was taken for analyses sufficiently soon 
after operation to detect the effect, the characteristic fall of Cl/Na ratio and 
rise of HCO; referred to in the introductory section was seen. The lowering of 
urine Cl/Na ratio concurrent with this was seen in most protocols, and presum- 
ably the plasma changes would have been found if the animals had been bled 
within a few hours of operation. By 24 hours the effect on extracellular fluid 
of this movement of electrolytes between extracellular and intracellular fluid 
was obliterated by the changes consequent on fistula drainage. 

Alveolar CO» and respiratory behaviour. The alveolar CO. (as deduced 
from total CO, and pH determinations) was reduced during the period of fistula 
drainage. The reduction was presumably a consequence of increased pulmonary 
ventilation consequent on the fall of plasma pH. However, the reduction was 
not adequate to prevent marked fall of plasma pH, and clinical observation did 
not indicate a very active respiratory response in most experiments. There was 
a definite increase of amplitude of respiration but often little or no increase of 
rate until blood pH was as low as 7:0. Whereas the sheep’s respiratory centre 
responds very actively to any slight change of CO» tension, the respiratory 
response to pH fall caused by excess Na* subtraction is very slight compared 
with that seen in man. 

The plasma K+ concentration fell a small amount in all experiments except 
O.F’s. 2, 3 and 9, where slight rises were recorded. In this regard the sheep 
appears to differ from man. In man when there is an excess Na+ subtraction 
stress with fall of extracellular pH, a raised extracellular K+ level is generally 
observed (Denton, Wynn, MeDonald and Simon, 1951). Similarly, in contrast 
to man, the urinary K+ concentration dropped to very low levels. Possibly this 
is in some way related to the fact that there had been a large loss of K+ in the 
fistula fluid, 20-80 m.eq. per day. 

The plasma HPO, concentration generally decreased. This also is probably 
related to the large loss in the saliva. 

The plasma SO, concentration may show a small rise of 3-4 m.eq. per 
litre. This, like the rise in plasma creatinine from 1 to 9 mgm. p.c. recorded 
in O.F. (6), is a likely consequence of the gross fall of glomerular filtration 
rate to be referred to subsequently. Quantitatively, however, the situation is 
in marked contrast to the changes seen when an excess Na+ subtraction stress is 
produced in an anuric animal (see subsequent report). 

Eosinophile counts. These were done in only two experiments. In O.F. (4) 
immediately following operation the count fell to half the preoperative level. 
This occurred coincident with post-operative plasma HCO j rise and Cl/Na ratio 
fall. Thereafter the count continued to decrease, and in the final stages eosino- 
philes had virtually disappeared from the peripheral blood. 
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Tue INTRACELLULAR 


As was found previously (Denton, Wynn, McDonald and Simon, 1951), 
there was a large transfer of electrolytes between extracellular and intracellular 
fluids in all experiments. Both a movement of Cl- ion into intracellular fluid, 
and a movement of Nat ion out from intracellular fluid oceurred. This was 
deduced from the initial Na+ and Cl- content of the extracellular fluid, the 
intake of Na+ and Cl ions, the loss of these ions from the fistula and in the 
urine, and the final Na+ and Cl content of the extracellular fluid. Thus, in 
O.F. (4) for example, it was found that 255 m.eq. of Cl- ion moved into intra- 
cellular fluid, and 418 m.eq. of Na* came out from intracellular fluid. The 
analyses of muscle done in some experiments were consistent with the deductions 
from the balance studies. The normal values of electrolytes in sheep muscle per 
kg. of wet weight are: Na+ 25-45 m.eq., K+ 80-90 m.eq., Cl- 10-20 m.eq., and 
the percentage of water is 79-80 (Harris, McDonald and Williams, 1952). 

The fact that muscle Cl/Na ratio (0:3-0-5) is considerably lower than the 
extracellular fluid Cl/Na ratio indicates that there is normally a considerable 
content of Na+ in the intracellular fluid of muscle. Analyses of muscle when 
the subtraction stress had caused gross depletion showed a large rise of the 
Cl/Na and C1/K ratios, and a decrease of Na/K ratio. In the situation wher 
a decrease of extracellular volume is known to occur. these findings are con- 
sistent with a large movement of Na+ ions out of intracellular fluid, and a 
movement of Cl- ion in. Actually the muscle Cl/Na ratio in some cases rose 
to be above the extracellular value. 


THE RENAL BEHAVIOUR. 


The effect of extracellular volume decrease. 


The glomerular filtration rate was measured by inulin clearance. In studies 
on 40 sheep ranging from 30-45 kg. in weight, the range of glomerular filtration 
rate found has been between 70-120 ml. per minute. Preoperative determina- 
tions in the present series were within this range. The rate of glomerular filtra- 
tion dropped rapidly and commensurately with the plasma volume reduction.? 
After 24-48 hours of fistula flow, it had generally decreased to one-half of the 
preoperative level. By the time depletion was gross and plasma volume was 
reduced to approximately one-half the preoperative level, the glomerular filtra- 
tion rate generally was reduced to about one-tenth of the initial value. As the 
rate of urine flow was kept approximately constant over the duration of the 
experiment, the inulin U/P ratio fell from the region of 109 to 10. In those 


2It is probable that plasma volume reduction was not the only factor determining reduc- 
tion of glomerular filtration rate. Alteration of osmotic pressure, intracellular K+ loss, and 
movement of large amounts of Cl- and Na+ between intracellular and extracellular fluid may 
have had direct influence on the circulation. 
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experiments where there was an intravenous ionic intake which partially com- 
pensated for the subtraction stress, the rate of fall of glomerular filtration 
rate was much less. In some instances it was maintained at approximately 
half normal level for a number of days. 

The electrolyte loads (glomerular filtration rate plasma concentration) 
presented to the renal tubules fell. This was due to both reduction of the glom- 
erular filtration rate and simultaneous fall of plasma concentration. 


The effect of stress on extracellular osmotic pressure. 


Urine volume. As already outlined, the intravenous infusion of 5 p.e. 
glucose in distilled water (1-5-3-0 litres per day), which was continued through- 
out the experiments placed a severe stress on osmoregulation. The urine flow 
was maintained throughout the experiments at the rate of 700—2,800 ml. per day. 
Despite negative electrolyte balance, reduced extracellular volume, and other 
evidence of circulatory deterioration, any increase in the rate of infusion was 
followed by a commensurate increase in the rate of urine flow. This osmo- 
regulating activity of the kidney was clearly seen if the rate of intravenous 
infusion was increased to the equivalent of the loss of fluid from the fistula. As 
glomerular filtration rate decreased, the osmoregulating activity of the kidney 
involved the excretion of an increasing percentage of the filtered water, the 
situation eventually becoming not unlike diabetes insipidus in that a very large 
percentage of the water reaching the distal tubule was not absorbed. The obser- 
vations represented convincing experimental demonstration of the validity of 
the clinical dictum that a normal urine volume is not necessarily evidence that 
the main physical properties of the extracellular fluid are normal (Marriott, 
1950). Generally the urine specific gravity was low. In all cases it was hypo- 
tonic relative to extracellular Na+ concentration, but in some cases it contained 
Cl- in excess of water relative to the extracellular concentration. The renal 
osmoregulating activity failed in the very final stages of the experiment when 
the circulatory deterioration was sufficiently gross to cause anuria. The continu- 
ing infusion of glucose in solution at this stage produced gross hypotonicity. 


Control of extracellular electrolyte pattern. 


The control of extracellular electrolyte pattern has been assessed relative 
to the extracellular Cl/Na ratio. The excess Na+ subtraction stress would 
cause the extracellular Cl/Na ratio to rise. A large rise in this main electrolyte 
relationship of the extracellular fluid would involve alteration of other factors 
in extracellular electrolyte pattern which have critical biological properties 
(Denton, Wynn, McDonald and Simon, 1951). For this reason we have regarded 
a mechanism removing Cl- in excess of Na* from the extracellular fluid as 
homeostatic relative to extracellular electrolyte pattern. Thus the quantitative 
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significance of the mechanism has been assessed relative to the calculated amount 
of Cl in excess of Na+ which it would be necessary to remove from the extra- 
cellular fluid in order to prevent rise of extracellular Cl/Na ratio. During 
electrolyte subtraction with negative electrolyte balance the most effective renal 
mechanism would be complete conservation of Na+, and excretion of Cl- com- 
mensurately with the excess Na+ subtraction. The fact of major significance 
in these experiments is that the kidney has excreted 25-55 p.c. of the calculated 
amount of Cl- in excess of Na* necessary to prevent rise of extracellular Cl/Na 
ratio, even though there has been reduction of plasma volume and a very large 
fall of the filtered loads of electrolytes. 

The experiments fall in two groups, (i) Those in which there was no ionic 
intake; (ii) Those in which there was some replacement of extracellular electro- 
lytes, either in the same Cl/Na ratio as extracellular fluid, or in a ratio which 
accentuated the pattern distortion stress. Thus in those experiments where 
practically no ionic intake was given, Cl- was exereted in excess of Na* but the 
amounts involved were very small, e.g. O.F. (1): Cl/Na = 14/5 or 9/3, ete. No 
doubt the rapid development of circulatory collapse was a factor limiting the 
extent of renal compensation for pattern distortion. Nevertheless, even in these 
circumstances the renal contribution to pattern homeostasis was not negligible. 
In O.F. (1) during the last 40 hours of the experiment the kidney excreted 
approximately 25 p.c. of the amount of Cl- in excess of Na+ calculated to be 
necessary to prevent rise of extracellular Cl/Na ratio. This was seen despite 
the fact that during this time (a) There was a negative balance of several hun- 
dred m.eq. of both Na*+ and Cl ions. (b) The plasma levels of both ions were 
reduced 10-20 m.eq. per litre below normal. (c) The haematocrit showed that 
the red cell volume was consistently raised 30 p.c. above the preoperative level. 
(d) The plasma volume was reduced by one-half. (e) The glomerular filtration 
rate fell from one-half the preoperative level to approximately one-twentieth of 
it. There was a corresponding but greater fall of electrolyte loads, as there was a 
simultaneous decline of plasma concentrations. (f) There was a large rise of 
cardiac rate. (g) The extracellular osmotic pressure was only %4oths of the 
preoperative milliosmolar value. 

On the other hand, when supplementary ionic intake was given, and the 
duration of the period of fistula drainage was increased up to seven days, much 
more effective renal pattern control was seen. Over periods of time when the 
glomerular filtration rate was kept in the range of approximately half the pre- 
operative level, excretion of Cl- in excess of Na+ was adequate enough to counter 
the stress almost completely. In this regard, it appears that the preservation of 
extracellular electrolyte pattern in the face of distortion can be regarded in 
two time phases. In the initial period (24-36 hours after operation) the fact 
that extracellular Cl/Na ratio did not rise to the level calculated to result from 
the fistula stress, was primarily a result of transfer of ions between intracellular 
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and extracellular fluid. In this happening the non-specific postoperative fall of 
extracellular Cl/Na ratio no doubt played an important part—the kidney made 
no contribution, and in fact in most instances excreted Na+ in excess of Cl-. 
Following this initial postoperative period, the kidney played an increasingly 
important réle in homeostasis, the rise of urine Cl/Na ratio being coincident 
with an increase of NH { cation production. These two phases of renal response 
were also shown clearly in a previous report—Graph I (from Protocol B—Den- 
ton, Wynn, McDonald and Simon, 1951)—and comment was made on the time 
lag in renal response to excess Nat subtraction. The findings in the urine dur- 
ing the second phase were Na+ — 5-30 m.eq. per litre, Cl- — 50-120 m.eq. per 
litre—e.g. Cl/Na = 115/27 (O.F. 4). A necessary condition for the excretion 
of urine of high Cl/Na ratio is the capacity of the kidney to produce the cation 
NH{ . This is particularly so in the sheep where little or no K* ion is available 
in the urine as equivalent cation to Cl-, since the plasma is continually being 
cleared of large amounts of K* ion by the process of saliva formation. Thus 
NH} production may be a critical factor limiting efficiency of pattern control, 
and this may have been involved in the contrast between the efficiency of pattern 
control in man, and the sheep, in se far as in the latter species there was gener- 
ally some loss of Na* ion in the urine. In man, however, urine Cl/Na ratios of 
100: 1-2 are often recorded. In O.F. 9, O.F. 5 and Protocol B (Denton, Wynn, 
McDonald and Simon, 1951) there were periods when Na+ conservation was 
virtually complete and pattern controlling Cl- excretion was continuing, the 
equivalent cation being NH{. In some experiments the very important finding 
was made that the absolute rate of excretion of Cl ion increased, despite the 
fact that the Cl- load presenting to the renal tubules had decreased 50 p.c. or 
more. The features of tubular behaviour towards ions as analysed by clearance 
methods will be discussed in detail further on. 

Urine pH. In all experiments the urine pH fell to the range of maximum 
acidity (pH = 5), except when there was considerable ionic replacement therapy 
of Nat in excess of Cl- relative to the extracellular Cl/Na ratio. 

Urine K+. The urine K+ dropped to very low levels; quite often it was 
seen that the urine K* concentration was below the plasma level. On no occa- 
sion was there the high urine K* level such as is seen in excess Na+ subtraction 
in man. However, if normal saline was given as replacement therapy with 
resultant rise in both Na*+ and Cl excretions, and increase in the amount of Cl- 
in excess of Nat, a rise of urine K+ excretion was observed to occur. In cir- 
cumstances of this type, it was observed on one occasion (O.F. 8) that the Kt 
content of the urine was greater than could be accounted for by glomerular fil- 
tration—i.e. tubular excretion presumably had occurred. 

In most experiments a small amount of albumen appeared in the urine dur- 
ing the period of severe acidaemia. 
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Deraits oF INDIVIDUAL EXPERIMENTS. 
Ocsophageal fistula 1. 
Experimental details. 


In this experiment, only 5 p.c glucose in distilled water was given as fluid replacement 
therapy, with the exception of one short period 29 hours after operation when 110 m.eq. of 
Na+ and 50 m.eq. of Cl- were infused as a resuscitatory measure. We have often observed 
that if the rate of infusion of the glucose solution is increased in an animal which is already 
depleted of electrolytes and has a lowered extracellular milliosmolar value, extreme muscular 
weakness may develop. This had occurred at this time, and was rapidly relieved by the 
Na+ infusion. The muscular weakness is possibly coincident to a sudden aggravation of an 
existing state of intracellular hypotonicity consequent on the extracellular electrolyte depletion 
(Darrow and Yannet, 1936). 

A significant feature of the clinical course was a continuous rise in the rate and ampli- 
tude of respiration. After 29 hours the rate had risen to 33 per minute and after 72 hours 
it was 56 per minute. Very marked respiratory response to the gross pH fall has not been 
a usual feature of the experiments. 

In the absence of significant electrolyte replacement, this sheep’s condition declined 
rapidly and 72 hours after operation it was in a state of collapse. At this point a rapid 
infusion of hypertonic Na+ acetate solution was given, and there was temporarily a drama- 
tic improvement in the sheep’s condition as evidenced by a marked increase of muscular 
power. However, an hour later the animal died and post-mortem examination showed pul- 
monary oedema. There was no other abnormality. 


Electrolyte balance. 


The following is the electrolyte balance over the 65 hour period from operation at 1830 
hours (6/8/51) until 1130 hours (9/8/51). 
Fistula: Volume = 7-24 litres; Na+ = 712 m.eq.; Cl- = 229 meq. 
Urine: Volume = 4-14 litres; Na+ = 42 m.eq.; Cl- = 65 m.eq. 
Intake: Volume = 9 litres; Na+ = 110 m.eq.; Cl- = 50 m.eq. 
Balance: Volume = —ve 2-3 litres + respiratory loss; Na+ =—ve 644 m.eq.; C- = 
—ve 244 m.eq. 
Initial concentrations of electrolytes in the E.C.W.*: Cl- = 116 m.eq. per litre; Na+ = 
145 m.eq. per litre; Cl/Na = 0-80. 
Initial extracellular volume = 8-6 litres (calculates as 4 X the initial plasma volume). 
Initial extracellular ionic content: Cl- = 116 X 8-6 = 998; Na+ = 145 X 8-6 = 1,247. 
Accounting for fistula stress, ionic intake and urine excretion, expected final extracellu- 
lar electrolyte content would be 
Cl = 998—229+ 50—65 — 754 
Na = 1247—712 + 110—42 ~ 603 
Extracellular content of electrolytes found at end of 65-hour period. 
Cl-= 108 X 5-3t 572 
Na+ =119 X 5-3 630 = 9°91. 


* Calculated from plasma water values by the use of a Donnan factor: Cl- = 1:02 Na* = 
0-95 (Hastings, Salvesen, Sendroy and Van Slyke, 1927). 

t The extracellular volume as calculated from plasma volume at the 48th hour was 5-6 
litres. Over ensuing 17 hours, the fistula loss was 1-1 litres, and the urine volume was 1-5 
litres. The intake was 1-5 litres, so there was a negative balance of 1 litre + insensible loss. 
We have assumed that this negative balance has involved a further 0°3 litre reduction of 
extracellular fluid volume. 
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Therefore, it is possible that approximately, 


754—572 = 182 m.eq. of Cl- ion moved from E.C.W. into I.C.W. and 
630—603 = 27 m.eq. of Na+ ion moved from I.C.W. into E.C.W. 


Over this period of the balance, it does not appear that the kidney made a contribution 
of any significance to homeostasis of extracellular Cl/Na ratio. However, the bulk of the 
renal loss of Na+ occurred in the first 24 hours, and during this time a large portion of the 
transfer of ions between intracellular and extracellular fluid occurred. 

Consider the balance between the 29th hour postoperative (2315—7/8/51) and the 78th 
hour postoperative (2400—9/8/51)— 

Fistula loss: Na+ = 318 m.eq.; Cl- = 130 m.eq. 

Intake: Na+ = 110 m.eq.; Cl- = 50 m.eq. 

..Nett loss, Na+ = 208 m.eq.; Cl- = 80 m.eq. 


Relative to the initial extracellular Cl/Na ratio at the commencement of this period (102/117= 
0-87), this represents a subtraction of 101 m.eq. of Na+ in excess of Cl- ion. The renal 
excretion over this period was: 


Cl- = 41 m.eq.; Na+ = 17 m.eq. 


Relative to the initial extracellular Cl/Na ratio, this represents 26 m.eq. of Cl- in excess of 
Na+. Thus relative to the extracellular Cl/Na ratio, the kidney has exereted 


26/101 X 100 = approximately 25 p.c. of the amount of Cl- in excess of Na+ necessary 
to counter the stress, 


Similarly it can be calculated that at the end of this period each litre of E.C.W. contained 
approximately 6 m.eq. more of Cl- relative to Na+ than at the outset, and thus 25-30 p.c. 
of the stress was accounted for in rise of E.C.W. Cl/Na ratio. Hence approximately 50 p.c. 
of the stress relative to the initial extracellular Cl/Na ratio was accounted for by transfer 
of electrolytes between E.C.W. and I.C.W. 

The fact that the kidney excreted 25 p.c. of the calculated amount of Cl- in excess of 
Na+ over this period would seem important because of the concurrent observations already 
indicated (The Renal Behaviour, section C). Also, since an intereompartmental transfer 
lowering extracellular Cl/Na ratio has occurred, the amount of Cl- in excess of Na+ it 
would be necessary for the kidney to exerete to prevent extracellular Cl/Na ratio rise would 
be less. Thus, the renal behaviour may have been more effective than the above statement 
indicates, although on the other hand it might have been that the cause of intereompartment 
transfer was the failure of the kidney to excrete more than 25 p.c. of the necessary Cl- in 
excess of Na+. 


Oesophageal fistula 2. 


Experimental details, 


This sheep drained saliva freely from the time of operation. By 44 hours after operation, 
5-6 litres of saliva containing 634 m.eq. of Na+ and 204 m.eq. of Cl- had been secreted. 
The fluid intake during this period was 5-5 litres of glucose in aqua distil. No ionic replace- 
ment therapy was given, and at the end of this period the animal was in a state of circulatory 
collapse. 


Electrolyte balance. 


Fistula: Volume = 5-6 litres; Na+ = 634 m.eq.; Cl- = 204 m.eq. 

Urine: Volume = 1-9 litres; Na+ = 14 m.eq.; Cl- = 23 m.eq. 

Intake: Volume = 5:5 litres. 

Balance: Volume = —ve 2-0 litres + insensible loss; Na+ = -—ve 648 m.eq.; Cl- = —ve 
227 m.eq. 
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Extracellular electrolyte content at the commencement of the experiment: 
Ck X9 1035 0-79 
Na+ ~ 141 X9 ~ 1269 
Accounting for fistula stress and urine, expected extracellular ionic content at the end 
of this period would be: 
Cl- _ 1035—204—23 
Na+ 1269—634—14 ~ 621 
Extracellular electrolyte content found at the end of the 44-hour period was: 
Cl- 108 X 4-5 486 


Therefore, approximately : 


808—486 = 322 m.eq. of Cl- moved from E.C.W. to I.C.W., and 
621—531 = 90 m.eq. of Na+ moved from E.C.W. to I.C.W. 


In this experiment it appeared that cireulatory collapse followed almost immediately on 
the post-operative period of nonspecific ion transfer, and thus there was little time for any 
effective pattern control to develop. During the last 32 hours of the experiment the kidney 
excreted 3-8 m.eq. of Na+ and 13 m.eq. of Cl-. This represented only 7 p.c. of the Cl- in 
excess of Na+ necessary to prevent rise of extracellular Cl/Na ratio. 


Oesophageal fistula 3. 
Experimental details, 


In this experiment little more was done than to observe the alteration of filtration rate. 

A litre of isotonic saline was given at the time of operation, but for the following 5 days 
only 5 p.ec. glucose in distilled water was given intravenously. For some reason not deter- 
mined, this animal did not appear to be in as good a general condition before operation as 
the others, even though conditions were quite similar. Possibly this explained the fact that 
the haematocrit was high, the initial glomerular filtration rate was lower than usual for a 
40 kg. sheep, and the rate of secretion of saliva was unusually slow. No preoperative plasma 
volume determination was made, but 24 hours before death it was 1,400 ml., which presum- 
ably would represent a considerable reduction below the normal for an animal of that size. 
Post-mortem examination showed that there was a large pericardial haemorrhage, pulmonary 
oedema, and free fluid in the peritoneal cavity. 


Oesophageal fistula 4. 
Experimental details, 


In this experiment the fistula drained for 64 days after the operation, and 12-9 litres of 
saliva containing 1,654 m.eq. of Na+ and 460 m.eq. of Cl- were collected. The much longer 
duration of the period of experiment was a result of a considerable intravenous ionic intake 
being given (905 m.eq. of Na+ and 805 m.eq. of Cl- ion). Renal control of extracellular 
electrolyte pattern was much more effective than in the previous experiments. 

During the first two and half days following operation, the amount of ionic replacement 
given was 380 m.eq. of Na+ and 280 m.eq. of Cl-. The Cl/Na ratio of this intake was 
slightly lower than the extracellular fluid so that the pattern distortion stress was not aggra- 
vated by this means. Over this time the loss from the fistula was 1,000 m.eq. of Na+ and 
212 m.eq. of Cl-, and there was 24-34 litres reduction of extraceiiular fluid volume. At the 
end of this period, the kidney was excreting 24-27 m.eq. per litre of Na+ ion, and 60-115 
m.eq. per litre of Cl- ion. That is, if Na+ conservation had been more complete, the efficacy 
of pattern control would have been comparable to that seen in man in post-gastrectomy duo- 
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denal fistula. Initially, there was the usual post-operative rise in urine Na+ concentration— 
by 10 hours the rate of Na+ excretion had risen 40 p.c. above the preoperative level, and the 
Cl- excretion had risen 22 p.c. By 43 hours after operation, the rate of Na+ exeretion was 
29 p.c. less than the preoperative level, but the rate of Cl- excretion was 40 p.c. higher. By 
58 hours the rate of Na+ excretion was 57 p.c. higher, and the rate of Cl- excretion was 
338 p.c. higher than the preoperative level. 

Between the 58th and 82nd hours after operation, there was a large intravenous intake 
of Na+ and Cl- ions (525 m.eq. of Na+ and 525 m.eq. of Cl- —the 1:1 Cl/Na ratio of 
this intake aggravated the existing distortion stress on the extracellular pattern.) At the 
68th hour approximately 160 m.eq. of each ion had been given, and at this point Na+ excre- 
tion was 143 p.e. higher than the preoperative rate, and Cl- excretion 1,050 p.c. higher than 
the preoperative rate. The glomerular filtration rate at this time was one-half the pre- 
operative level. 

From 82nd-148th hours after operation 7-2 litres of glucose solution were infused. No 
further intake of electrolytes was given. Nevertheless, the rate of excretion of both Na+ 
and Cl- remained high. The degree of efficiency of pattern control was not comparable to 
that seen before saline infusion was given, except in the period 107-118 hours post-operative 
when the rate of Na+ excretion was 88 p.c. and the rate of Cl- excretion 416 p.c. higher 
than the preoperative level. At this time the glomerular filtration rate was reduced to 
approximately one-tenth the preoperative level and the blood pH had fallen to 7-0. 

Over the last 10 hours of life, the circulatory collapse caused by electrolyte depletion 
was gross and, despite increased rate of infusion of 5 p.c. glucose solution, there was anuria. 
Extreme hypotonicity of extracellular fluid was produced, and associated with this there was 
a marked slowing of the heart rate. 

The electrocardiograph tracings showed gross depression of the S-T segment and high 
amplitude T waves. Blood pH was 6-77 at this time. 


Electrolyte balance. 


The following is the electrolyte balance over a 120-hour period from operation (1200 
hours, 25/9/51) until 1200 hours, 30/9/51. 

Fistula loss: Volume = 11-8 litres; Na+ = 1,574 m.eq.; Cl- = 427 m.eq.; K+ = 294 
m.eq. 

Urine loss: Volume = 4-65 litres; Na+ = 202 m.eq.; Cl- = 372 m.eq.; K+ = 86 m.eq. 

Loss in blood sampling: Na+ = 26 m.eq.; Cl- = 20 meq. 

Intake: Volume = 14-2 litres; Na+ = 905 m.eq.; Cl- = 805 m.eq. 


Balance: Volume = —ve 2-2 litres + insensible; Na+ = —ve 983 m.eq.; Cl- = —ve 
65 m.eq.; K+ = —ve 380 m.eq. 
Extracellular electrolyte content at the commencement of the experiment: 
Cl- 115 X 9-2 1,058 


Cl 


Caleulated extracellular electrolyte content at completion of balance period: 
1,058—427—372+805 1,064 
1,361—1,574—202+905 ~ 470 

Extracellular electrolyte content found at end of balance period: 
113 X 7:16 809 _ 

Na+ 124 X 7-16 888 Na 
Therefore, approximately, 
1,064—809 = 255 m.eq. of Cl- ion moved from E.C.W. into I.C.W. 
888—470 = 418 m.eq. of Na+ ion moved from I.C.W. to E.C.W. 


= 2-26. 


and 380 m.eq. of K+ ion were lost from I.C.W. 
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A specimen of muscle was taken for analysis at the end of the balance period (i.e. before 
increased infusion of 5 p.c. glucose in A.D. produced gross hypotonicity). The water content 
was slightly reduced, and both Na+ and K+ concentrations were lowered. (The findings 
were: H,O = 73-5 p.c.. Na+ = 26-5 m.eq. per kg., K+ = 68 m.eq. per kg., and Cl- = 22-6 
m.eq. per kg.). The lowered Na/K ratio, and the raised Cl/Na and Cl/K ratios relative to 
normal muscle analyses could be consistent with the balance study findings. 

Considering the efficacy of renal behaviour over the balance period: 

Extracellular electrolyte content at the end of the period in the absence of renal fune- 
tion would be Cl/Na = = To convert this fluid to the initial extracellular Cl/Na ratio 
of 0-78, the kidney would have had to excrete 1,436—524 = 912 m.eq. of Cl-. The kidney 
excreted 214 m.eq. of Cl- in excess of Na+ relative to the initial extracellular Cl/Na ratio 
over this period, i.e. it excreted 214/912 K 100 = 24 p.c. of the Cl- in excess of Na+ neces- 
sary to prevent rise of the extracellular Cl/Na ratio. 

However, considering the 75-hour period between 0900-27th and 1200-30th, the electro- 
lyte balance shows that, relative to the preoperative extracellular Cl/Na ratio, it was neces- 
sary to remove 382 m.eq. of Cl- in excess of Na+ from the extracellular fluid to completely 
counter the distortion of extracellular Cl/Na ratio produced by fistula stress and dispropor- 
tionate electrolyte intake. The kidney excreted 204 m.eq. of Cl- in excess of Na+ over 
this period (i.e. it excreted 204/382 X 100 = 54 p.c. of the Cl- in excess of Na+ necessary 
to prevent rise of extracellular Cl/Na ratio). 

The amount of Cl- relative to Na+ in the extracellular water rose by 10 m.eq. per litre, 
so 70/382 X 100 = approximately 18 p.ec. of the stress was accounted for in direct rise of 
extracellular Cl/Na ratio. It follows that approximately 28 p.ec., relative to extracellular 
fluid, was countered by intercompartmental transfer. There is a sharp contrast between 
the relative importance of renal excretion and transfer between compartments over this 
period, and the initial 30-40 hours after operation, when transfer between the two compart- 
ments (and perhaps Na+ influx from the rumen?) almost wholly accounted for the distor- 
tion stress, 


Ocsophaged fistula 5. 
Experimental details, 


The preoperative weight of this animal was 36-1 kg. The plasma volume was 1,970 ml., 
from which it is inferred that the extracellular volume was 7-8 litres. Calculated as 20 p.c. 
of body weight it would have been 7-2 litres. In this experiment there was an operative 
mishap. A polythene tube was used to suture into the oesophagus and it kinked during the 
operation. As a result of this a considerable amount of saliva passed into the lungs, and 
the animal became very cyanosed. It was successfully resuscitated but it remained shocked 
for 12 hours. Two litres of isotonic saline were given intravenously. A liberal saliva flow 
did not commence until 24 hours postoperative. Thereafter the course of events was usual 
for oesophageal fistula, except that during the last 24 hours of life the serum was jaundiced. 
Post-mortem examination on the 30th showed that pulmonary oedema was the immediate 
cause of death. 


Electrolyte balance. 


Some indication of the efficacy of renal activity can be gained from an electrolyte 
balance over a 48-hour period 1200 (27th)-1200 (29th) during which time accurate collec- 
tions of urine and saliva were made. The saliva collected contained 252 m.eq. of Na+ and 
69 m.eq. of Cl- ion. Over this period, 150 m.eq. of Na+ and 150 m.eq. of Cl- were infused. 
Relative to the initial extracellular fluid Cl/Na ratio (0-75), the kidney would have had to 
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excrete 157 m.eq. of Cl- in excess of Na+ to counteract the distortion of extracellular Cl/Na 
ratio which would be produced by the fistula subtraction and disproportionate intake. 

The urine collected contained 102 m.eq. of Na+ and 145 m.eq. of Cl- = 70 m.eq. of Cl- 
in excess of Na+ relative to the initial extracellular Cl/Na ratio. Thus, relative to this index, 
the kidney excreted 70/157 X 100 = 45 p.c. of the necessary Cl- in excess of Na+. Over this 
time the glomerular filtrate had decreased to less than half the preoperative rate. 


Oesophageal fistula 6. 


Experimenta! details. 


Following the initial period of non-specific reaction to trauma, there was a quite effective 
renal response to the excess Na+ subtraction. The rate of Na+ excretion fell to less than a 
third of the preoperative level whereas the rate of Cl- excretion increased threefold (4th day). 
There was the usual fall of plasma volume, and plasma pH, and rise of cardiac rate. 

However, after the 4th day, the rate of intravenous infusion of Na+ compensated for 
the fistula loss. (Fistula loss, Na+ = 410 m.eq., Cl- = 193 m.eq.; ionic intake, Na+ = 483 
m.eq., Cl- = 362 m.eq.). There was little further fall of plasma volume between the 5th-7th 
day. There was no further rise of plasma Cl/Na ratio even though the ionie intake was 
Cl- in excess of Na+ relative to loss, and there was a fall of urine Cl/Na ratio. The glo- 
merular filtration rate, however, continued to fall and was finally reduced below 10 ml. per 
minute. 


Electrolyte balance. 


The electrolyte balance study over the whole experiment showed the movement of large 
amounts of electrolyte into intracellular fluid. 


Output: 
Fistula: Volume = 9-0 litres; Na+ = 1,046 m.eq.; Cl- = 301 m.eq. 
Urine: Volume = 3-4 litres; Na+ =11 m.eq.; Cl- = 28 m.eq. 
Intake: Volume = 14-7 litres; Na+ = 516 m.eq.; Cl- = 387 m.eq. 
Balance: Water = +2-3 litres—insensible loss; Na+ =—ve 544 m.eq.; Cl- = +ve 

58 m.eq. 

Initial electrolyte content of E.C.W.: 

_ 115 X 10-2 _ 1,173 

~ 147 X 10-2 ~ 1,499 

Final calculated content of Na+ and Cl- in E.C.W. 

1,173—301—28+387_ __ 1,231 
‘1,499—1,046—12+516 ~ 957 
Extracellular electrolyte content finally found: 


99 X6°8 673 
850 
Therefore it seems probable that approximately 
1,231—673 = 558 m.eq. of Cl- moved from E.C.W. to L.C.W. 
and 
957—850 = 107 m.eq. of Na+ moved from E.C.W. to L.C.W. 


Cl-/Na+ 


Cl/Na = 


This experiment illustrates the very large movements of electrolytes into intracellular 
fluid which may occur, and raises the problem of what effect this would have on the physico- 
chemical conditions in intracellular fluid. 
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The muscle analyses on the 5th day were consistent with the movement of a considerable 
amount of Cl- in excess of Na+ into intracellular fluid (H2O = 72-8 p.c., Na+ = 22-3 m.eq./ 
kg., Cl- = 18-9 m.eq./kg., and K+ = 70-7 m.eq./kg.). 


Ocsophageal fistula 7. 
Experimental details, 


In this experiment a considerable supplementary intake of Na+ and Cl- ions was given. 
The Cl/Na ratio of the intake (0-7) was less than normal extracellular Cl/Na ratio, so that it 
acted to a small degree to counter the pattern distortion stress. Altogether 770 m.eq. of Na+, 
and 540 m.eq. of Cl- ion were given, and as a result the period of fistula drainage was pro- 
longed to 9 days. 

The preoperative weight of this sheep was 25-8 kg. Plasma volume determinations were 
made using Congo Red and Evans Blue dyes. The preoperative value was 2,000 ml. Thus, 
in this animal, the extracellular volume was approximately 30 p.c. of body weight. Pre- 
operatively the animal was excreting Na+ in marked excess of Cl (urine Cl/Na = 26/144 = 
0-18) and the glomerular filtration rate (104 ml. per minute) was high relative to the 
weight of the animal. There was profuse salivary flow following operation. The tube came 
out within 24 hours of operation, and from then on there was free drainage from the neck 
incision. No attempt was made to make accurate collections and caleulate an electrolyte 
balance in this experiment. Over the two days following operation very little supplementary 
ionic intake was given, and on the morning of the third day it was observed that there had 
been a considerable renal response to the fistula stress. The urine Cl/Na ratio had risen 
approximately fifteenfold (Cl/Na = 60/23 = 2-6) and the NH{ secretion had risen to 91 
m.eq. per litre. Plasma volume had fallen by 20 p.c. and glomerular filtration rate to 
Yard the preoperative level. Ionic intake given on this and the 4th and 5th days was prob- 
ably adequate to counter the stress as evidenced by some rise of plasma volume, rise of 
glomerular filtration rate to 34 to 3% the preoperative level, failure of plasma pH to fall 
further than 7-18, and a fall in the Cl/Na ratio of the urine and plasma. After the 7th day 
very little ionic intake was given, and glomerular filtration rate fell to 4 the preoperative 
level and the pattern controlling activity of the kidney was more marked. 

Prior to death, muscle was taken for analysis. Relative to the preoperative specimen, 
the water content was raised, which in a situation of known decrease of extracellular volume 
would indicate an increase of intracellular water. The Cl/Na and Cl/K ratios of the muscle 
had both risen, which could be consistent with movements of electrolytes between intra- 
cellular and extracellular fluids indicated from balance studies in the other experiments. 


Preop. = 79-4 p.c., Na+ = 26 m.eq./kg., Cl- = 13-6 m.eq./kg., K+ = 84-6 m.eq./kg. 
Postop. H,O = 91°7 p.c., Na+ = 22 m.eq./kg., Cl- = 20-2 m.eq./kg., K+ = 73-6 m.eq./kg. 


Oesophageal fistula 8. 
Experimental details. 


In this experiment a ruminal fistula was made and the rumen was washed out twice 
during the week before operation. As a consequence the kidney was excreting extremely 
little Na+ and Cl- at the time of the preoperative clearances. The oesophageal fistula drained 
for 6 days after operation. No accurate collections of saliva and urine were made. During 
the experiment a 5 p.c. glucose solution was given intravenously. On the 3rd and the 6th 
days a litre of isotonic saline (150 m.eq. of Na+ and Cl-) was given. The animal was having 
a saline infusion at the time the clearances were done on the 6th postoperative day. In this 
experiment extracellular volume determinations were made also by the constant infusion of 
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inulin technique. The preoperative determination was 6-8 litres (caleulated as 20 p.c. of body 
weight with the rumen known to be empty—7-12 litres). After six days’ drainage and very 
little electrolyte intake it was determined to be 2-17 litres.3 


Oesophageal fistula 9. 
Experimental details, 


These can be considered in two time phases. During the first four days 8-3 litres of 
saliva were secreted. This stress was partially compensated by the infusion of 600 m.eq. 
of Na+ and Cl-. Over this period there was clear evidenee of pattern controlling activity 
by the kidney. The total excretion of Na+ was 61 m.eq. and the Cl- excretion was 179 
m.eq. This excretion of Cl- was seen despite the fact that plasma Cl- concentration decreased 
almost 30 m.eq. per litre, and thus was reduced well below normal. On the second post- 
operative day when plasma Na+ had decreased by 34 m.eq. per litre, and plasma Cl- by 
22 m.eq. per litre, the rate of Na+ excretion was reduced to 20 p.c. of the immediate post- 
operative level, whereas the rate of Cl- excretion remained approximately constant. 

On the fifth day a very large infusion of isotonic saline was given rapidly. During the 
period of infusion there was a large increase in the rate of excretion of water and both Na+ 
and Cl-. On the following day pattern controlling activity by the kidney was more marked, 
the urine containing 100 m.eq. more Cl- ion than Nat. 

The conditions of this experiment differed from the others in that total ionic intake was 
in excess of fistula subtraction. The 1:1 Cl:Na ratio of the intake aggravated the pattern 
distortion stress. Not all fistula specimens were analysed for electrolytes so the balance 
study only represents a rough approximation since there has been some interpolation. It 
does, however, show the kidney to have played a quantitatively very important part in regulat- 
ing the electrolyte pattern. 


Output: 
Fistula: Volume = 10-6 litres; Na+ = 1,248 m.eq.; Cl- = 303 m.eq. 
Urine: Na+ = 443 m.eq.; Cl- = 878 m.eq.. 
Intake: Na+ = 1,640 m.eq.; Cl- = 1,640 m.eq. 
Extracellular electrolyte content at commencement of the experiment (Lincoln-Merino 
Crossbred—Wt. = 60 kg.) : 
131X12 1,572 
163X12 ~ 1,956 
Extracellular electrolyte content at end of experiment in absence of renal activity: 
1,572—303+1,6401 2,909 
1,956—1,248+1,640 ~ 2,348 
Accounting for renal activity, extracellular electrolyte content at end of experiment: 
2,909—878 2,031 
2,348—443 ~ 1,905 
As the extracellular Cl/Na ratio found at the end of the experiment was the same as at 
the beginning, it follows, as in previous experiments, that there was movement of considerable 
quantities of electrolytes between extracellular and intracellular fluids. Relative to the cal- 
culated distortion of extracellular pattern produced by the fistula subtraction and dispropor- 


Cl/Na = m.eq. and Cl/Na = 0-8. 


Ci/Na = = 1-24, 


Cl/Na = = 1-06. 


3A possible fallacy of technique must be considered here, i.e. whether at the very low 
filtration rate all the inulin would be excreted. The collection of urine was made over a 
16-hour period. Normally 95 p.c. of the inulin is excreted in eight hours. Unfortunately 
no plasma inulin determination was made at the end of the experiment. 
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tionate electrolyte addition, the kidney was 51 p.c. effective in excreting Cl- in excess of 
Na+. That is, relative to initial extracellular Cl/Na ratio, the kidney had to excrete 1,023 
m.eq. of Cl- in excess of Na+ to prevent distortion, and it was found that it excreted 524 
m.eq. of Cl- in excess of Na+. 


CLEARANCE STUDIES. 
Water. 


Despite the fall of glomerular filtration rate, the absolute rate of excretion 
of water in most instances remained constant or increased. This involved the 
excretion of an increasing percentage of filtered load, in the final stages up 
to 3-15 p.c. Generally any rapid increment of rate of water administration was 
paralleled by a rapid increase of excretion rate—e.g. O.F. 1—8/8/51, when the 
rate of excretion rose to 7 ml. per minute, which was 20 p.c. of the filtered load. 
However, when the stage of gross electrolyte depletion was reached, this process 
was limited by the circulatory collapse, and, in the terminal stages, anuria some- 
times occurred. 


Sodium and Chloride. 


As already indicated, relative to the stress operating on the extracellular 
fluid, the most effective form of pattern control would be if Na+ conservation 
by the kidney was virtually complete, and the excess Cl- relative to extracellular 
Cl/Na ratio was excreted. It was observed a number of times during periods 
when there was large reduction of electrolyte loads, that relative to the pre- 
operative level, the rate of Na* excretion was reduced, but the rate of Cl- 
excretion was increased. Thus in O.F. 5 after 4 days of fistula drainage the 
Nat load was reduced to 33-6 p.c. and the Cl- load 37-6 p.c. of the preoperative 
level. The rate of Na+ excretion was %th and the rate of Cl excretion *4rds 
of the preoperative level. The percentage of filtered Na+ excreted was reduced 
by more than a half, but there was almost a fourfold increase of the percentage 
of filtered Cl- ion excreted. 

In O.F. 6, 28 hours after operation when the electrolyte loads were reduced 
by half, it was seen that the rate of Na*+ excretion was approximately *4rds 
of the preoperative level, whereas the rate of Cl- excretion was very slightly 
raised. Unfortunately, no clearance was done 48 hours after operation when 
the electrolyte loads had fallen to % to %th of the preoperative level. At this 
time the rate of Na+ excretion was less than 44rd of the preoperative level, 
whereas the rate of Cl- excretion was almost three times as great. In O.F. 7 
on all days except the 31st (when there was a considerable ionic intake of Na+ 
in excess of Cl-), the rate of Na+ excretion was always less than the preopera- 
tive level whereas the rate of Cl- ion excretion was always greater. The electro- 
lyte loads ranged from %4 to 4 of the preoperative level. Probably this effect 
would have been shown best on the morning of the 27th (see urine analyses), 
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but, unfortunately, compensatory ionic intake was given before the clearances 
were determined. In these instances recorded, it followed that the percentage 
of filtered Cl- ion which was excreted increased in all cases, whereas whether 
or not this was the case with Na* obviously depended on the ratio of decline 
of load to decline of excretion rate. 

On the other hand it was observed in many instances that despite the 
declining electrolyte loads, the rate of excretion of both Na+ and Cl- was 
increased. This was particularly evident when saline infusion was given (e.g. 
O.F. 4). In so far as the rise in the rate of Cl- ion excretion was often much 
greater than Na*, this situation was compatible with comparatively effective 
pattern control (O.F. 1—Clearance 4, 8th/8; O.F. 4—Clearance 3, 28th; O.F. 8). 

In some experiments it was observed that the rate of excretion of both 
Na* and Cl- fell, but the fall of Na*+ was usually much greater than Cl- 
(O.F. 3). When clearances were done within 24 hours of operation it was 
generally found that the electrolyte loads had commenced to fall, there was 
little evidence of pattern control, and the excretion of both ions was markedly 
reduced. 


Potassium. 


In all experiments, the rate of excretion of K+ ion decreased. In some 
instances it was observed that the urine concentration was less than the plasma 
concentration (e.g. O.F. 4 and O.F. 7), and thus only a small percentage of 
the glomerular filtrate load was being excreted. On the other hand, if the pat- 
tern stress was aggravated by the infusion of isotonic saline, there was gener- 
ally a rise of K+ excretion, and when this was done at the very low filtration 
rates, it was found that there was more K~* in the urine than could be accounted 
for by filtration—i.e. presumably tubular excretion oecurred (O.F. 8). 


Bicarbonate. 


In all experiments there was a large fall of HCO; load, and in all instances 
the urine HCO; fell to practically nil—i.e. there was virtually complete re- 
absorption. 


DISCUSSION. 


THE COMPARATIVE PHYSIOLOGY OF EXCESS SODIUM SUBTRACTION IN THE SHEEP. 


The fistula stress. The notable feature of excess sodium subtraction, as 
produced in the sheep, is the change of electrolyte composition of the fistula 
fluid which occurs when depletion is gross. No similar change is observed to 
occur in man when excess sodium subtraction is produced predominantly by 
the secretion of the pancreas. Whether this change of composition would occur 
under ecological conditions which might produce electrolyte depletion (e.g. 
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drought) is not known. If so, in a sodium depleted animal it could represent 
a useful adaptation to what appears to be obligatory saliva secretion.* 


Homeostasis of the extracellular fluid. 


A. The volume and osmotic pressure. The situation seen is similar to that in 
man, there being, when electrolyte depletion is gross, a compromise between vol- 
ume control and osmoregulation. The observations contribute nothing to under- 
standing of the perplexing problem of the mechanism of control of extracellular 
volume. That is, there was a large reduction of osmotic pressure. At some 
times when this was so, 10-20 p.c. of the filtered water was being excreted, 
whereas on other occasions there was much less than 10 p.c. being excreted 
even though there was equivalent reduction of electrolyte osmotic pressure. 
The question arises as to whether this was a direct consequence of the circu- 
latory deterioration on the efficacy of the kidney as an excretory organ, or 
whether some direct volume controlling mechanism is involved. If this latter 
were the case, and the receptor operated by preventing too great a fall of 
anti-diuretic hormone titre, then significant information might be forthcoming 
from comparing the data above with those derived from similar excess Nat 
subtraction studies in ‘‘diabetes insipidus’’ sheep. 

B. The electrolyte pattern. It would appear that much greater distortion 
of extracellular pattern occurs in the sheep than in man. It seems very prob- 
able that a species difference is involved, but it may also be significant that 
the experimental conditions have been different. In man, our observations on 
excess Na* subtraction have been made mainly after the fistula has been 
established some days. At this time, it is possible that an equilibrium state 
exists which does not involve large intereompartmental transfers. In the experi- 
ments recorded here, the quantitative features have doubtless been altered by 
the non-specific ion transfers which follow operation. 

However, it would seem clear that the renal response in sheep is less active 
than in man. In the introduction we have referred to one factor which may 
be determinant in this—i.e. that urine K+ is usually high, and hence the response 
of the NH{ cation production when Na* depletion occurs is consequently very 
slow, and possibly less effective than in carnivora or omnivora. 

It is possible that other ecological factors may be involved. Under usual conditions of 
tontinuous grazing, a rough equilibrium state between rate of saliva excretion and rate of 
absorption will exist, and at any one time the sheep will have one-two hundred m.eq. of 
Na+ ion in the rumen as saliva. As such, it probably represents a useful reserve of Na+ ion. 

However, circumstances may cause the animal to feed at irregular intervals, so the 
volume of saliva in the rumen at any one time could vary from a few hundred ml. up to 
3-4 litres. Thus, the extracellular fluid is submitted to considerably greater distortion 


stresses as a consequence of the digestive processes than is the case with man. Consideration 
of this suggests that it might be biochemically advantageous to the sheep if extracellular bio- 


4If, when there is the typical depletion saliva pattern, there is reflex stimulation of 
saliva flow by blowing hot acetic acid vapour in the animal’s mouth, the saliva electrolyte pat- 
tern returns to the initial post-operative type. This seems to be evidence counter to the 
above possibility. 
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chemical distortion caused by the rapid secretion into, or reabsorption of 3-4 litres of saliva 
from, the rumen did not evoke a correspondingly rapid renal response correcting the pat- 
tern, as this would involve loss of electrolytes from the body with each feeding. Thus, under 
drought conditions with feeding at irregular intervals such urinary loss could be a consider- 
able disadvantage to the organism. Turner and Hodgett (1950) have shown that gradual 
starvation of sheep causes a rise in extracellular HCO; concentration, a finding which could 
be consistent with an alteration of the dynamics of digestion such that at any one time much 
less Na+ ion is in the rumen, and much more is in the extracellular fluid, and the kidney 
is showing little response to this altered pattern. 

Such considerations as the above (admittedly teleological) might be involved in the fact 
that renal response to excess Na+ subtraction in the sheep is much less active than in man. 
It might be of considerable biochemical advantage to the sheep, if after secretion of 3-4 
litres of saliva, the residue of some 200 or more m.eq. of Cl in the extracellular fluid were 
buffered in the intracellular fluid, and were able to move out again subsequently as the 
saliva was being reabsorbed from the rumen. The fact that large electrolyte movements of 
this type do oceur in the sheep has been established here and in previous experiments (Den- 
ton, Wynn, MeDonald and Simon, 1951; Harris, McDonald and Williams, 1952). This distor- 
tion of extracellular and intracellular electrolyte pattern allows some degree of electrolyte 
conservation in the circumstances of subtraction stress. If this situation represents adaptation 
to ecological conditions, then such adaptation occurs at the expense of that maximum stability 
of the milieu intérieur which appears necessary for the development of the more highly 
organized and sensitive physiological functions. In this regard, the reasonably well main- 
tained condition of sheep when blood pH is reduced to 7-0-7-10 is interesting. 

Experiments on excess Na+ subtraction in dogs have been made by Elman and Mc- 
Caughan, 1927; Gamble and McIver, 1928; Hartmann and Elman, 1929. The plasma analyses 
after uncomplicated fistula loss showed haemoconcentration, reduction of both total base and 
Cl- levels and hence lowered osmotic pressure, reduction of HCO; concentration, and rises of 
Cl/Total Base ratio intermediate between those seen in man and the sheep. The composition 
and volume of the fistula fluid lost would indicate that a severe stress on pattern homeo- 
stasis occurred. The fact that there were not large rises of Cl/Total Base ratio would seem 
to indicate that pattern control mechanisms operated (Hartmann and Elman, 1929). No 
comprehensive urine studies were made. Single specimens collected showed little evidence of 
pattern controlling activity, although it was recorded that urine collected after administra- 
tion of Ringer’s solution had a considerable Cl- in excess of fixed base content (Hartmann 
and Elman, 1929). The changes in blood urea PO[- and SO>~ were consistent with a fall 
of glomerular filtration rate. 


RENAL PHYSIOLOGY. 


There was a clearly defined renal response countering the pattern distortion 
of excess Na+ subtraction. These renal mechanisms operated when: 


(a) There was a large negative balance of both Na+ and Cl- ions. 

(b) Plasma Na* and Cl concentrations were reduced, e.g. O.F. 9. 

(ce) The extracellular osmotic pressure was reduced. 

(d) The extracellular volume, plasma volume, and very probably the cardiac 
output were much reduced. 

(e) The glomerular filtration rate, and hence loads of these electrolytes were 
greatly reduced. 


It has been held in the case of dog and man that all nephrons in the 
kidney are normally active, and it is legitimate to treat the kidney as a single 
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nephron (Shannon, 1942). If this be assumed to be the case in the sheep, 
then the frequent finding of a rising rate of Cl- excretion as the load dim- 
inishes would seem to be incompatible with the concept of a Tm for electrolytes 
in the distal tubule. If the notion of an overflow of the fraction of the electro- 
lyte load above the functional maximum of the transport system is to be incor- 
porated into the description of the renal behaviour in electrolyte subtraction, 
it would be within the context of a hypothesis which takes into account a pro- 
gressive reduction in the number of open glomeruli, and hence tubular re- 
absorptive surface (Fremont-Smith, 1950). If this is shown to be the case, 
then interpretation of the effect of distortion of extracellular electrolyte pattern 
on tubular behaviour will involve evaluation of the postoperative rise in rate 
of Cl- excretion relative to the change of Cl- load/glucose Tm ratio from the 
corresponding preoperative level. Consideration within this context may also 
provide explanation of another apparently odd fact, viz. the rather large loss 
of Na+ ion which sometimes occurred in the urine. Often the rate of Nat 
excretion was observed to decrease as the filtered load diminished, and conserva- 
tion was comparatively effective when Cl- excretion rate was rising (e.g. O.F. 
4). However, on other occasions, though Cl- loss was in excess of it, the actual 
rate of Na+ excretion increased. This was so particularly when saline was 
given, even though it appeared that all factors apparent would be operating 
to cause maximum Na+ conservation: that is, there was a large —ve Nat 
balance, both absolutely and relatively to Cl-, the plasma level was markedly 
reduced, the electrolyte osmotic pressure was reduced, the extracellular and 
plasma volumes were reduced, and Na* load presenting to the tubules was 
much reduced. If the falling eosinophile count is any index, it may also 
be inferred that there was not a state of adrenal insufficiency (O.F. 4). 
The facts observed lead to the suggestion that the necessity of Cl- ion excre- 
tion may have been the primary determinant. That is, some factor in 
this situation (to give a purely speculative illustration—such as a critical 
limit to the transfer of Cl- ion into intracellular fluid which would include 
the cells of the renal tubules) operated to prevent Cl- reabsorption. The 
excretion of this Cl- ion necessitated the excretion of an equivalent amount of 
eation. Due to limitation of rate of NH{ production, and the fact that the 
K+ lost from intracellular fluid was being lost mainly as saliva, a varying 
amount of Na+ was carried into the urine. On the other hand, if a large reduc- 
tion of the number of open glomeruli were involved, it still might be possible 
that relative to the tubular reabsorptive surface available, the load of electro- 
lytes (including Na*) exceeded the functional reabsorptive reserve. That there 
is an interesting question of mechanisms involved is emphasized by the fact that 
the sheep kidney behaves as other species when there is simple electrolyte 
deprivation—e.g. Protocol 8, where washing out the rumen and subsequent 
deprivation of food caused urine Na+ and Cl excretions to be practically nil 
at a normal filtration rate. 
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SUMMARY. 


Subtraction of Na+ in excess of Cl- from the extracellular fluid, would 
cause the extracellular Cl/Na ratio to rise. This distortion of the main electro- 
lyte relationship of the extracellular fluid causes alteration of other factors of 
the milieu intérieur which have critical effects on physiological systems. Under 
these circumstances, renal removal of Cl- in excess of Nat from the extracellu- 
lar fluid represents homeostatic activity. It would seem very significant that the 
kidney may excrete 25-50 p.c. of the amount of Cl- in excess of Na+ calculated 
to be necessary to prevent rise of extracellular Cl/Na ratio even though the 
glomerular filtration rate and plasma volume are greatly reduced. This has 
sometimes involved an increase in the absolute rate of excretion of Cl relative 
to the preoperative level, even though the load of this ion is reduced by a half. 

Homeostasis in excess of Na+ subtraction in the sheep differs quantitatively 
from man. The situation we have observed in sheep is excess Na* subtraction 
superimposed on the non-specific electrolyte pattern change which follows opera- 
tive trauma. Large interecompartmental transfers of electrolytes occur (ef. 


‘Harris, McDonald and Williams, 1952, where the electrolyte pattern changes 


of anuria were observed under similar circumstances). Our observations on 
man (Denton, Wynn, McDonald and Simon, 1951) have been made when a 
post-gastrectomy duodenal fistula has been established some days, and possibly 
at this time there is an equilibrium state which does not involve large inter- 
compartmental transfer of electrolytes. However, a species difference in the 
organization of ionic homeostasis may also be involved. 


Acknowledgments. It is a pleasure to thank Professor R. D. Wright, Dr. Henry Harris 
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BIOLOGICAL PROPERTIES OF THE MUCOPROTEIN, 
URINARY INHIBITOR 


by F. M. BURNET?! 
(From the Walter and Eliza Hall Institute of Medical Research, Melbourne). 


(Accepted for publication 10th February, 1952.) 


In view of the extensive work at physical and chemical levels that is being 
undertaken in this laboratory on the urinary mucoprotein described by Tamm 
and Horsfall (1950) it has seemed desirable to place on record some of the 
biological properties of this substance. The mucoprotein isolated from pooled 
human urine is a potent inhibitor of haemagglutination by influenza viruses in 
the indicator state and is conveniently referred to as urinary inhibitor (U.I.). 
The main characteristics of the substance as determined by Tamm and Horsfall 
are its mucoprotein character, its insolubility in salt solution and its physical 
homogeneity when tested in the electrophoretor or ultra-centrifuge. 

As an influenza virus inhibitor it has some unusual characteristics. It is 
the only inhibitor that we have observed which has almost as high an inhibitory 
titre against haemagglutination by two active viruses MEL and WSE as 
against the indicator phase of the viruses. In the complete absence of virus 
it has a relatively high agglutinating action against fowl erythrocytes. It has 
a specific agglutinating effect on red cells, human or fowl, which have been 
modified by the action of influenza viruses on the receptor destroying enzyme 
of V. cholerae (RDE). Finally, these haemagglutinating actions are removed 
along with its insolubility in salt solution by the action of strong urea solutions, 
its action as an inhibitor of haemagglutination being left unchanged. 

The immunological properties of urinary inhibitor have been described by 
Fraser (1951). Here it need only be added that the urea treated mucoprotein 
reacts typically with antisera prepared against the original mucoprotein. 


MATERIALS AND METHODs. 


Virus strains were all standard viruses maintained in this laboratory and used in the 
form of allantoic fluid from 13-day embryos infected two days previously with seed virus 
diluted 10-4, 

Indicator virus was prepared by simple heating of LEE and WSE at 56°C. for 30 
minutes and by Stone’s (1950a) method with MEL. 

Inhibitor titrations were made with serial dilutions of inhibitor to which 5 agglutinating 
doses (AD) of active or indicator virus were added. Fowl cells were added after inhibitor 
and virus had been left in contact for 30 minutes at room temperature. 

‘*PVR cells’’ were made by the method described by Fazekas de St.Groth (1949). 


1 This work was carried out under the aid of a grant from ‘the National Health ‘and Medical 
Research Council, Canberra. 
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Urinary inhibitor. Purified inhibitor was prepared by a slight modification of Tamm 
and Horsfall’s (1950) method from pooled human urine (Ada and Gottschalk, 1952). The 
main features of the process are precipitation from urine with sodium chloride follewed by 
repeated washing with 1 p.c. sodium chloride. The wet precipitate was then dissolved in 
water and dialysed against three changes of distilled water. The product obtained after 
dialysis contained approximately 0-5 p.c. of mucoprotein in terms of dry weight and was 
used in this form as the stock solution of normal urinary inhibitor (U.I.) for the experi- 
ments to be described. - 

After a number of preliminary experiments urea-treated urinary inhibitor solution 
(U.U.I.) was prepared for me by Mr. C. C. Curtain by adding to an 0-5 p.c. solution of the 
mucoprotein, urea to a concentration of 6-6M. This was allowed to stand in the cold for 
24 hours and then dialysed against three changes of excess distilled water for 72 hours. 

The urea-treated inhibitor does not agglutinate normal or RDE treated red cells and unlike 
the original inhibitor is fully soluble in salt solutions up to 1 M. NaCl. Its physical properties 
will be reported in subsequent communications by Curtain and Pye. 

RDE. This was prepared by the method described by Ada and French (1950). Experi- 
ments on enzymic action of RDE and viruses were carried out in calcium acetate saline 
(C.A.8.) at pH 6. 


EXPERIMENTAL. 


Behaviour of U.I. as inhibitor of haemagglutination. 


With standard preparations of 0-5-0-6 p.c. in terms of dry weight the 
inhibitor titres against standard active and indicator viruses were as shown in 
Table 1. The figures were not all obtained in a single experiment and are sub- 
ject to a variation of 50 p.c. but give a fully representative picture of the 
reactions obtained. In the same Table are included results obtained in titrating 
inhibitor by its power to agglutinate appropriately coated PVR cells. Owing 
to the high agglutinating power of normal U.I. for RDE-treated human cells, 
the PVR cell method can only be used for urea-treated material. For the same 
reason it is impossible to measure inhibitor titres below 1,000 by the standard 
method. 


TABLE 1. 


Interactions of urinary inhibitor with active and indicator viruses. 


Normal U.I. 


Urea-treated U.I. 


Virus Inhibitor titre Inhibitor titre PVR cell agglutinin 
MEL 12,000 12,000 90,000 
T.MEL 40,000 40,000 1,000,000 
WSE 50,000 24,000 60,000 
H.WSE 30,000 35,000 (N.T.) 

LEE <1,000 160 1,200 


H.LEE 15,000 20,000 2,000,000 


The results may be summarized as showing normal high reactivity of U.I. 
with the three indicator strains plus the unusual feature that active MEL and 
WSE are inhibited to titres of the same order as obtained for the correspond- 
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ing indicators. LEE, however, behaves normally in being inhibited only to 
trivial titres. Urea treatment produces no significant changes in inhibitor titre 
and makes it possible to use the PVR cell technique. It will be seen that the 
PVR cells coated with indicator virus give a considerably higher titre than those 
with active MEL and WSE, while cells coated with LEE give values much 
lower still. It may be noted that the other commonly used inhibitors have no 
power to agglutinate PVR cells coated with any active virus. 


Enzymic action of viruses on 


The earlier experiments on enzymic destruction of the inhibitor action 
of U.I. were made with the normal agent but the spontaneous agglutinating 
action of the mucoprotein limited the range of action that could be studied. 
All the results to be reported are from experiments with urea-treated material 
(U.U.I.). 

In the experiments on virus action the usual procedure was to allow a 
final concentration of 20 AD’s of virus to act on a 1:5 dilution of U.U.I. 
(0-5 p.e. stock solution) in C.A.S. for 18 hours at 37° C., a drop of toluene being 
added as a bacteriostatic. The tubes were heated to 65° C. for 30 minutes and 
inhibitor titrations with three indicator viruses carried out. In the Table the 
figure given is the percentage of residual inhibitor in terms of the control tube 
to which no virus was added. 


TABLE 2. 


Enzmyic action on U.U.I. of viruses. 


Indicator MEL WSE ‘LEE 


T.MEL 36 72 <0-3 
H.WSE 32 28 8 


H.LEE 36 54 0-7 


It will be seen that LEE is the only virus with a well-marked enzymic 
action on U.I. As judged by this result the inhibitor gradient (Stone, 1950 b) 
is T.MEL-H.LEE-H.WSE. It is in line with the general finding of a negative 
correlation between enzymic activity and susceptibility to inhibitor that U.I. 
inhibits MEL and WSE but not LEE. 

Experiments with RDE were carried out over shorter periods of time, 
samples being removed at intervals up to 14 hours and, after heating to 65° C. 
for 30 minutes, titrated against the indicator viruses. There were minor devia- 
tions in the results from one experiment to another but the consistent features 
were: (1) destruction of inhibitor against T.MEL was more rapid and com- 
plete than any other though inhibitor against H.WSE was destroyed equally 
in the early stages. (2) H.LEE inhibitor destruction lagged in the early stages 
behind both the others but afterwards fell more rapidly than inhibitor for 
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H.WSE. After one hour’s action of 10 units of RDE the residual titres indi- 
cated the same inhibitor gradient T.MEL, H.LEE, H.WSE as was obtained 
with prolonged action of LEE. (3) In all experiments there was relatively 
high residual inhibitor for active WSE virus. 


Modification of U.U.I. by periodate. 


The inhibitory activity of U.U.I. is destroyed by short contact with perio- 
date of adequate concentration, in line with the general behaviour of muco- 
protein inhibitors. At intermediate concentrations there is a significant but 
not very striking rise in inhibitory titre for active LEE and a slight one for 

active MEL. A significantly 

#4000 higher periodate concentration 
is needed to destroy inhibitor 
for MEL and T.MEL than for 
LEE and H.LEE. This was evi- 
dent as well in similar experi- 
ments with normal U.I. 

In the experiment whose re- 
sults are shown in Fig. 1 equal 
volumes of 0-25 p.e. U.U.I. in 
saline and KIO, solution of the 
molarity indicated were mixed 
and after standing for 20 min- 
utes at room temperature their 
inhibitor titre was estimated 
against five agglutinating doses 
of active and indicator viruses 
MEL and LEE. 
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WNHIBITOR TITRE 


| Agglutination of red cells by 
320-1000 300000 urinary inhibitor. 

DILUTION OF PERIODATE 1/MOLARITY 
In all titrations of the inhibi- 
1. Influence of periodate on inhibitor 
activity of urinary inhibitor. Abscissae: Perio- tor activity of purified U.I. it 
date concentration in terms of 1/molarity of was noted that fowl cells were 
solution which was allowed to react with an agglutinated to considerable 


equal volume of 0°25 p.c. U.U.I. Ordinates: In- . i 
hibitor titre against haemagglutination by LEE, titre by the mucoprotein alone. 


H.LEE, MEL and T.MEL. The dilution to which a stock 
0-5 p.e. solution was effective 

varied with different batches of cells but was usually in the neighbourhood of 
1:1,000. As a result experiments on the diminution in inhibitory power under 
the action of RDE on LEE virus were limited to the early stages of the reaction. 
In the course of studies made with the hope of eliminating this characteristic 
and making possible a variety of work on the biological attributes of the muco- 
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protein, two interesting findings were made. The first was that RDE-treated 
cells were agglutinated by very much higher dilutions of U.I. than correspond- 
ing normal cells and second that treatment with strong urea solutions com- 
pletely destroyed the haemagglutinating action but left all inhibitor qualities 
intact. 

It will be remembered that RDE-treated cells are characterized by the loss 
of all agglutinability by influenza viruses (Burnet and Stone, 1947), by a 
marked diminution of electrophoretic mobility indicating a sharp reduction in 
electronegativity at physiological pH (Ada and Stone, 1950) and by an increased 
agglutinability by antibody capable of reacting with the untreated cells (e.g. 
appropriate human cells are agglutinated by ‘‘incomplete’’ Rh-antibody in 
saline). There is also evidence of the production or uncovering of a new sur- 
face antigen (Burnet and Anderson, 1947) which reacts with the normal 
T agglutinin of human sera. 

When the increased agglutinability of RDE-treated cells by urinary inhibi- 
tor was observed the simplest way of interpreting the phenomenon was to 
relate it to the diminished negative charge of the cell and to assume that acidic 
(anionic) groups of the mucoprotein found many more positively charged groups 
with which to combine in the surface of the RDE-treated cell. On this hypo- 
thesis other anionic agglutinators should also act more readily on RDE-treated 
cells while kationic ones should show no increased activity. The two conveni- 
ent reagents are Congo red and protamine sulphate, both used as 0-1 p.c. 
stock solutions. 


TABLE 3. 
Agglutination of normal and RDE-treatcd fowl and human red cells. 


Fowl cells Human cells 
Agglutinin Normal RDE Normal RDE 
600 30,000 <100 40,000 
U.I. (Urea) <100 <100 <100 <100 
Congo red 4 120 <2 10 
Protamine 600 700 


The parallelism of the action of urinary inhibitor and Congo red and the 
absence of any significant increase with protamine speaks strongly for the 
effect being due to the uncovering of positive groupings and not to the destruc- 
tion by RDE of negative groupings. The resemblance between Congo red and 
U.I. can be clearly seen in an experiment in which fowl red cells were treated 
for a standard time (1 hour at 37°C.) with graded amounts of RDE. The 
cells were washed twice with citrate saline to remove all RDE and tested for 
their agglutinability by an abbreviated gradient series of viruses, by urinary 
inhibitor and by Congo red. The results depicted in Fig. 2 show that the bulk 
of the change in the cell takes place very early in the process of RDE action. 
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A similar experiment was carried out with human cells which show a more 
striking change in agglutinability by urinary inhibitor. The results of this 
experiment are shown in Fig. 3. The titre given by stock urinary inhibitor 
varies presumably on account of minor variations in physical state and in this 
experiment was considerably higher for cells fully treated with RDE than in 
others. 
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Fig. 2. To show the change in agglutinability of fowl red cells by urinary inhibitor 
and Congo red under the action of RDE. 

Fowl cells were treated with graded dilutions of RDE shown as abscissae and sub- 
sequently tested against serial dilutions of stock urinary inhibitor and of Congo red, and 
against four standard viruses to establish the extent of receptor destruction. 

Continuous line: Titre of agglutination by stock urinary inhibitor solution. 

Broken line: Titre of agglutination by Congo red 0-1 p.e. solution, the scale being 100 
times that for U.I. 

The four lower curves show the degree to which 5 AD’s of the viruses shown agglu- 
tinated the cells. The scale on the right indicates the range from no agglutination 0 to 
complete ++ agglutination 2-0. 


Pig. 3. To show the change in agglutinability of human red cells by urinary inhibitor 
under the action of RDE. 

Human erythrocytes were treated with graded dilutions of RDE shown as abscissae, 
and subsequently tested against serial dilutions of stock urinary inhibitor and against a 
standard series of viruses to establish the degree to which receptor destruction had pro- 
ceeded. 

The main curve, scale on the left, shows the dilution at which stock urinary inhibitor 
caused partial agglutination of red cells. 

The four lower curves (scale on right) show the degree to which 5 AD’s of the 
viruses indicated agglutinated the cells. The appearances from no agglutination to com- 
plete agglutination are graded conventionally from 0 to 2-0. The viruses used are suc- 
cessively MIL.B, H.LLEE, LEE and a group within which there were only insignificant 
differences NDV, MEL, T. MEL, WSE and H.WSE. 
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Experiments have also been carried out with fowl and human cells treated 
with three representative viruses, NDV, MEL and LEE. The cells were treated 
in the proportion of 0-25 ml. of packed cells to 5 ml. of allantoic fluid virus for 
three hours at 37° C., RDE-treated cells were prepared by the standard method 
at the same time while another tube containing cells and normal saline was 
exposed to the same series of manipulations. 


TABLE 4. 


Effects of virus treatment in rendering human cells agglutinable by U.I. 


Agent used in Agglutinability by Agglutination 
treating cells NDV MEL LEE SW MIL by U.I. 
NDV $+ + rey 4,000 
MEL 4-4 +4 ++ 15,000 
LEE Unstable 


The results with human cells are shown in Table 4. With fowl cells the 
agglutinin titres shown after the corresponding treatments were : 

NDV 70,000, MEL (unstable), LEE 20,000, RDE 20,009, normal cells 5,000. 

The exceptionally high titre with NDV treatment was unexpected and 
these cells were also unusual in showing no increase in agglutinability by 
Congo red. This may be related to the capacity of NDV for firm union to 
the cell surface but no specific investigations of the point have been under- 
taken. 

Periodate treatment of fowl cells over a wide range of concentrations 
showed no change in agglutinability by U.I. and a slight fall in agglutina- 
bility by Congo red. Periodate-treated U.I. also showed no significant change 
in its capacity to agglutinate normal or RDE-treated fow] cells. 

On general grounds it was thought that the positive groupings concerned 
might well be amino groups. If so treatment of RDE cells with formaldehyde 
should render them non-agglutinable by U.I. or Congo red, provided sufficient 
reaction with exposed amino groups took place at concentrations of formalde- 
hyde which did not produce haemolysis. Experiments have shown that when a 
final concentration of formalin from about 2-10 p.c. in saline for human cells 
and from 0-7 p.c. to 10 p.c. for fowl cells is present agglutination of RD- 
treated cells by U.I. does not occur. It can readily be shown that the effect 
is a reversible one. Under the conditions where no agglutination occurs in 
the presence of formaldehyde the supernatant fluid contains U.I. which on 
dilution shows full agglutinating titre and if the cells are washed they are 
stable and are agglutinated by U.I. The following experiment illustrates these 
points : 


| 
if 
} 
a 
4 
: 
& 


258 F. M. BURNET 


Fowl cells fully treated with RDE and washed with citrate saline were 
added as 0-05 ml. packed cells to two centrifuge tubes containing: A 5 ml. 
of 0-9 p.c. saline; B 5 ml. of saline containing 2-5 p.c. of formalin (i.e. 1 p.e. 
formaldehyde). The cells were dispersed and the 1 p.c. suspensions allowed to 
stand at room temperature for 10 minutes before 0-05 ml. of stock urinary 
inhibitor diluted 1:5 was added to give a final dilution of 1:500 U.I. The 
tubes were left for one hour on the bench; A then showed complete agglutina- 
tion, B no agglutination. 

After centrifugation the supernatant fluids were retained and the cells 
washed with the diluent first used, A with saline, B with formalin saline and 
then with saline. 1 p.c. suspensions were prepared in saline. The supernatant 
fluids were now titrated for residual agglutinating power with RDE cells, 
along with an equivalent untreated control dilution of U.I. (C). The cells were 
tested for suspension stability and for agglutinability by U.I. 


TABLE 5. 
Titration of U.I. haemagglutinin with RDE-treated cells. 


RDF cells Acells Beells 
Supernate A (N. saline) 16 
Supernate B (1 p.c. form.) 30 
Control C 40 — 8 
Saline alone 


See text for details of experiment. 


By comparison with the control more than half the agglutinin was absorbed 
by the cells in normal saline, very little in the presence of formalin. The cells 
from A were grossly unstable, those from B were stable and still agglutinable 
by U.I. though only to one-fifth of the titre given by standard RDE-treated 
cells. 


DISCUSSION. 


The findings reported above show that the urinary mucoprotein has the 
general properties of inhibitors of influenza virus haemagglutination as 
described in many papers from this laboratory. Like all other inhibitors it 
shows its own individual pattern of activity against different indicator and 
active viruses. In this case the power to inhibit active MEL and WSE viruses 
is the most striking feature. As would be expected this is correlated with 
virtual lack of enzymic action of the corresponding viruses on the inhibitor. 

The agglutinating action of urinary inhibitor solutions on red cells, par- 
ticularly when the cells have been treated with virus or RDE, was initially a 
serious hindrance to the study of its inhibitor activity. A method of overcom- 
ing the difficulty was found by treating the inhibitor solutions with 5M urea 
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followed by dialysis. This provides much more satisfactory material for work 
on haemagglutination, the essential inhibitory qualities being unaltered and 
the power to agglutinate red cells abolished. Physical and chemical studies of 
the effect of urea are being undertaken by other workers in this laboratory. 

The curious influence of RDE treatment in rendering human red cells 
highly susceptible to agglutination by urinary inhibitor may be worthy of more 
extensive analysis. The limited experiments that have been reported above 
provide some evidence that the diminished negative charge of the red cell treate? 
with RDE may be associated with the uncovering of an increased number of 
terminal amino groups. Much more critical work would, however, be needed to 
establish the point. 


SUMMARY. 


The mucoprotein obtainable from human urine as a homogeneous sub- 
stance is an active inhibitor of haemagglutination by indicator viruses and in 
addition also inhibits two active viruses to high titre. 

Inhibitor activity is destroyed by the action of LEE virus or RDE and by 
periodate. These reactions resemble in essentials those previously studied with 
other inhibitors. 

Urinary inhibitor solutions agglutinate normal fowl cells and this action is 
much more marked against cells, fowl or human, which have been modified by 
RDE or virus action. Formaldehyde reversibly removes this susceptibility of 
treated cells to agglutination by the inhibitor. 

Treatment of the inhibitor with 5M urea solution followed by dialysis 
completely removes the capacity to agglutinate red cells without modifying its 
behaviour as an inhibitor. 
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THE ABSORPTION OF BLOOD FROM THE CEREBROSPINAL 
FLUID IN ANIMALS 


by W. J. SIMMONDS! 


(From the Kanematsu Memorial Institute of Pathology, Sydney Hospital, 
Sydney). 


(Accepted for publication 11th January, 1952.) 


Courtice and Simmons (1951) have studied the absorption of plasma pro- 
tein, after injection of heparinized, homologous plasma into the subarachnoid 
space of animals. As a complement to such studies of the removal of molecules 
in colloidal solution, the rate and mechanisms of removal of red blood corpuscles 
are of interest clinically, in connection with recovery from subarachnoid 
haemorrhage, and physiologically, in view of the physical differences between 
the particulate red cell and the colloidal plasma protein molecule. 

.ecordingly it was decided to study the rate and pathways of removal 
of red cells and protein from the cerebrospinal fluid of rabbits and cats after 
cisternal injection of the animal’s own blood. 


MeruHops. 


The method of replacement-injection into the cisterna magna has been previously described 
(Courtice and Simmonds, 1951). The animal’s own heparinized blood was always used, to 
avoid incompatibility. It was taken from the ear vein in rabbits and from a femoral arterial 
cannula in cats. The dose injected was 0-5 ml. blood/kg. body weight. When dyed blood 
was used, 0-2 ml. of 0-9 p.c. NaCl solution, containing 32 mg. T1824/ml., was added to 3 ml. 
of blood, so that the blood injected was slightly diluted and contained 2 mg. dye/ml. In 
this way the injected protein was effectively labelled with the dye. 

Lymph was collected in a plastic cannula from the deep cervical lymph duct after ligating 
it low down in the neck. The neck of the cannula was pushed into the distended duct, using a 
metal trochar, and tied in place. Attempts at inserting a cannula, without trochar, after 
puncturing or snipping the wall of the duct were less frequently successful. This was due to 
the thin walls which contract readily on mechanical stimulation and to the slowness with which 
the duct refilled after ligation above the site of an unsuccessful cannulation. 

The analytical methods used for estimating protein, N.P.N. and dye in blood, C.S.F. and 
lymph have been previously described (Courtice and Simmonds, 1951). Red blood cells and 
leucocytes were enumerated in duplicate dilutions of blood, lymph and C.S.F. using an im- 
proved Neubauer haemocytometer. The dilution and the volume used for counting were 
varied so that 300 to 500 cells were usually counted. For erythrocyte counts blood and C.S.F. 


1 This work was carried out with the aid of a grant from the National Health and Medical 
Research Council, Canberra. 
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were diluted with Hayem’s solution and lymph with 0-9 p.c. NaCl solution. To count the 
leucocytes in C.S.F., white cell diluting fluid and toluidine blue solution were used as diluents, 
while differential counts were made using dried smears stained with Jenner Giemsa, diluted 
C.S.F. in the counting chamber or undiluted C.S.F. stained with dried toluidine blue. Usually 
dried smear and wet preparations were studied from each sample. 

Lymph nodes and blocks from the olfactory apparatus were fixed in formol-saline, em- 
bedded in paraffin (after decalcifying the bony structures), sectioned at 6-84 and stained 
with haematoxylin and eosin. The meninges were studied by a method described by Essick 
(1920). The arachnoid was freed by microdissection, after fixation of the central nervous 
system and coverings en bloc, affixed to albuminized slides and studied in permanent prepara- 
tions stained with haematoxylin and eosin. A number of pieces of arachnoid from the 
cerebral and spinal compartments were prepared from each specimen. Iron was identified by 
the Turnbull’s blue reaction. 


RESULTS. 
100, 
Rate of removal of blood from 
the C.S.F. 
\ (i) Single injections. The rate 
\ of removal of red blood cells and 


plasma protein after cisternal in- 
jection of whole blood was studied 
in rabbits. The animals were 
anaesthetized for the injection 
only, and moved freely about their 
cages after recovering. At the end 
of a period which varied from 4} 
, hour to 72 hours in different 

: groups of animals about 0-7 ml. of 
C.S.F. was withdrawn from the 
cisterna magna. The animal was 
then killed by bleeding out under 


8 


C.S.F. CONC. AS %, OF INJECTED BLOOD 
8 


2 3 4 
HOURS AFTER INJECTION 


Fig. 1. Average number of erythrocytes 
and concentration of protein, relative to 
those in injected blood, in cisternal C.S.F. 


after injection of 0-5 ml. own heparinized 
blood/kg. body weight in rabbits. 


* @ =number of erythrocytes/emm., 
as p.c. of that in injected blood. 
x— xX = protein concentration in super- 


natant, as p.c. of that in plasma 
of injected blood. 

s— — —a = protein concentration, as p.c. of 
injected, corrected for different 
dose of erythrocytes and pro- 
tein. 


injected blood (solid lines). 


anaesthesia, autopsy performed to 
determine the distribution of the 
injected blood and the cervical 
lymph nodes taken for section. 
The average concentrations of 
red blood cells and protein in the 
C.S.F. at various times during the 
first five hours after injection are 
shown in Fig. 1, expressed as per- 
centages of the concentration in the 


It can be seen that plasma protein concentrations 
fall relatively more than do the red cell concentrations. 


Since only 60-65 p.c. 


of the whole blood injected was plasma, the concentration of protein would fall 
relatively more than the red blood cell count simply as a result of mixing with 
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the C.S.F. To allow for this, the plasma protein dilutions were multiplied by 
volume of whole blood injected 


volume of plasma injected — 
and the average results are plotted on the interrupted line shown in Fig. 1. 
At 3 hours and 5 hours the protein concentrations are relatively lower than the 
red cells, allowing for the different dosages. (The differences are statistically 
significant, p <0-01 and p between 0-02 and 0-01 respectively). Table 1 shows 
that from 24 hours to 72 hours few red blood cells and little protein remained 


in the cisternal C.S.F. ° 
TABLE 1. 


Red blood cells and protein in cisternal C.S.F. from 24 hours to 72 hours after injection of own 
heparinized blood, 0-5 ml./kg. body weight, in rabbits. 


blood Protein 


Hours after injection cells/emm. mg./100 ml. 
24 24,000 0 
300,000 340 
51,000 180 
110,000 56 
21,000 230 
48 13,500 59 
9,200 19 
4,500 3 
72 18,000 27 
2,700 25 
40,000 38 


Analysis of the C.S.F., therefore, suggested that red blood cells were 
removed from the subarachnoid space more slowly than protein, but not a great 
deal more slowly. Post-mortem examinations in all these animals showed that 
clotting was not a significant factor in the disappearance of erythrocytes. An 
occasional small clot was seen in a few cases. Autopsy appearances and histo- 
logical sections showed that red corpuscles passed quite quickly through the 
cerebral meninges, appearing in the retro-orbital tissues and nasal submucosa 
1 to 3 hours after injection. The lymphatic pathways played a part in absorp- 
tion since many sinuses in the cervical lymph nodes were packed with red blood 
cells within 5 hours. 

Most of the blood was absorbed within 48 hours. This was shown by the 
few cells in C.S.F. samples, by the appearances post-mortem and by the presence 
of only an occasional erythrocyte in the lymph node sinuses. At 72 hours, 
and even after 7 days, pinkish fluid and patches of darker fluid blood were seen 
under the meninges. This represented only a small fraction of the blood 
injected, it seemed. However, it was considered that blood should be repeatedly 
injected to make sure that considerable numbers of erythrocytes did not merely 
pool, by gravity, in the spinal sac. 
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TABLE 2. 


Red blood cells and total nitrogen in C.S.F. in rabbits in which blood was injected three 
times weekly. The samples of cisternal C.S.F. for analysis were taken just before each 
injection and therefore 2 and in some cases 3 days after the previous injection. 


Cisternal C.S.F. during experiment Lumbar CS.F. 


Duration 

of Red blood cells/emm. Total nitrogen at autopsy 
experiment mg./100 ml. Red blood 

days lowest highest lowest highest cells/emm, 

2 1,200 22000 229 31 28.500 

22 2,000 55,000 26 35 645,000 

33 2,500 38,000 33°5 38°5 656,000 

33 one sample 8,000 — — 6,105,000 

Plasma 
22 300 5,000 23 24 17,250 


(contaminated with 
spinal venous blood) 


(ii) Repeated injections. Replacement injections of 0-5 ml. blood/kg. body 
weight by the cisterna magna route were made three times a week for 3 to 5 
weeks in 4 rabbits. A control rabbit was similarly treated save that plasma 
was used for injection. All the rabbits seemed in normal health throughout 
the experiment and gained weight. Neither red blood cells nor total nitrogen 
in the C.S.F., taken just before each injection of blood, showed a tendency to 
rise as the experiment progressed. The range of values obtained is shown in 
Table 2. At autopsy the lumbar C.S.F. contained many more red blood cells/ 
emm. than the cisternal C.S.F., but only minute amounts could be aspirated 
for counting and the total amount of blood in the spinal sac must have been 
small. 

In these experiments, therefore, a total of 4-5 to 7-5 ml. of blood/kg. body 
weight was almost completely absorbed from the subarachnoid space. With 
repeated injections, as with single injections after 24 to 48 hours, the cerebral 
subarachnoid was practically free from blood suggesting that cerebral absorp- 
tion was more rapid than spinal. This was supported by an experiment in 
which blood was injected daily for four days in three rabbits. At autopsy on 
the fifth day the cerebral subarachnoid contained little blood in two and a 
moderate amount in one, whereas dark blood was seen throughout the spinal 


sac in all three. 


Lymphatic removal of red blood cells and protein. 


The experiments with rabbits suggested that some of the blood passed into 
the cervical lymph. To confirm this and to estimate the proportion of the 
injected red cells removed by this pathway, it was decided to cannulate the 
cervical duct before replacement injection of blood. In some instances the 
plasma proteins of the injected blood were labelled with T1824. In all cases 
0-5 ml./kg. body weight was injected. 
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TABLE 3. 


Recovery of red blood cells and dye-protein after replacement injection of 0-5 ml. blood/kg. 
body weight, containing 2 mg. dye/ml. in some cases, into cisterna magna in cats, anaesthe- 
tized with nembutal. 


Lymph. 
First 
Duration Ppearance First p.c. injected dose 
of of red blood appearance yyaximum Maximum recovered 
experiment cells of dye red blood dye Red blood Dye 
hours Hours after injection. cells/emm. mg./l. cells 
(a) Supine, horizontal position 
4 none none 0 
64 none 500 0 
3 none 1 100 36 0 0-4 
5 none 2 8,900 41 negligible 0-5 
5 none 1} 4,000 54-2 negligible 0-8 
(b) Head down, lying on side, lymph from cervical duct on lower side. 
5 24 140,000 3-0 
5 none “4,500 negligible 
5 2 30,000 0-4 _ 
5 13 1 283,000 56 1-4 1-7 
5 3 308,000 94 2-6 3-6 
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(i) Experiments with cats. No red cells were seen in control samples of 
lymph, whether expressed by massage or by passive flexion of the head. When 
the animals were kept in the supine, horizontal posttion only an occasional red 
cell was seen during a period of 3 to 6} hours after cisternal injection of 
blood (Table 3(a)), whereas dyed-protein appeared in the lymph within 1 hour 
after injection. The deep cervical lymph nodes showed, histologically, only 
groups of red cells scattered through the sinuses, except one of the nodes 
excised at 63 hours which was similar to those seen previously in rabbits at 
5 hours. The delay in appearance of red blood cells in the cervical duct did not 
appear, therefore, to be due to damming back in the lymph nodes. It was 
decided to tilt the animals into the head down position at an angle of 22° from 
the horizontal. This would presumably increase the pressure of C.S.F. on the 
olfactory meninges and might cause red blood cells to pool there. The striking 
effect of this procedure can be seen in Table 3 (b). In four of the five cats 
considerable numbers of red blood cells appeared in the lymph within 2-3 hours 
after cisternal injection. Dyed plasma protein from the injected blood appeared 
before the red cells, but the output of protein and cells was of the same order 
by 5 hours. The head down position, therefore, resulted in a great increase 
in lymphatie removal of red blood cells. Moreover, the cats lay on their side 
throughout the experiments and the deep cervical lymph node on the dependent 
side usually contained many more red cells in the sinuses. Again, in a eat 
with both deep cervical ducts cannulated the lymph from the dependent side 
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contained 20,000 erythrocytes/emm. at five hours, whereas there were only 
400/emm. in the lymph from the side uppermost. 

(ii) Experiments with rabbits. Besides demonstrating the effect of posture, 
these experiments suggested that the passage of red blood cells into the lymph 
might be slower in cats than in rabbits. The collection of cervical lymph in two 
rabbits which were kept in the supine horizontal position for 5 hours after 
injection of dyed blood supports this suggestion. The red blood cells numbered 
13,000 and 170,000/emm. respectively in lymph collected during the latter part 
of the experiment. In both cases dye appeared in the lymph before red blood 
cells. 

TABLE 4. 
Erythrocyte and protein concentrations in cisternal C.S.F. as percentages of injected concen- 


trations, in rabbits kept head down or head up for 5 hours after replacement injection of 
0-5 ml. own heparinized blood/kg. body weight. 


Red blood cells Protein 
as p.c. of injected as p.c. of injected 
concentration concentration 

Head down 4-7 4-8 
4-5 

11-2 9-6 

8-5 8-6 

8-0 6-9 

Head up 20-1 15-8 
14-7 11-2 

15-3 9-1 

18-8 11-6 

17-2 11-9 

Normal 23-6 7-2 
24-6 11-3 

12-2 4-9 

9-8 2-4 

28-6 12-0 

36-4 9-8 

22°5 7-9 


Table 4 summarizes the results of experiments which indicate that the head 
down position increases the rate of removal of erythrocytes from the C.S.F. in 
rabbits. The animals were paired and after replacement injection of 0-5 ml. 
own heparinized blood/kg. body weight were placed in rabbit boxes on a frame 
inclined at 45°, one box facing uphill and the other downhill. The six ‘‘nor- 
mal’’ rabbits included for comparison moved freely about their cages. All 
animals were anaesthetized for the injection only. It can be seen that the 
mean erythrocyte concentration in the C.S.F. 5 hours after injection is lower 
in rabbits kept head down than in the “head up”’ or ‘‘normal’’ groups. (The 
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difference is statistically significant, ‘‘t’’ corresponding to a probability of less 
than 0-01 and between 0-05 and 0-02 respectively.) Autopsy showed that 
posture affected the distribution of erythrocytes in the subarachnoid space. In 
the ‘‘head down’’ animals there was no blood in the spinal sac. In the ‘‘head 
up’’ animals there was dark blood under the spinal meninges while the appear- 
ances in the cerebral subarachnoid were similar to the normal group. Marked 
retrobulbar effusion of blood in the ‘‘head down’’ group, and distension of 
the lymph nodes with red corpuscles, suggested that the head down posture 
promoted passage of erythrocytes through the cerebral -meninges and into the 
cervical lymph. Accumulations of red blood cells in the epidural tissues were 
not seen even in the ‘‘head up’’ animals, which favours the idea that passage 
of erythrocytes through the spinal meninges is slow. 


The meningeal reaction to blood. 


This has been studied previously in other species, including man (Essick, 
1920; Russell, 1932; Hammes, 1944; Jackson, 1949). In the present investiga- 
tions the leucocytes in the C.S.F. and the fixed tissue reaction as seen in arach- 
noid sheets and trabeculae (Hssick, 1920) were studied in a small group of 
rabbits 5, 17 and 24 hours and 7 days after injection of blood. The results were 
similar to those in other species. Whole blood caused a much greater cellular 
reaction than heparinized plasma (270 to 8,700 leucocytes/emm. at 24 hours, 
compared with 140/emm.). The reaction to blood was manifest within five 
hours. At first there was a polymorphonuclear leucocytosis (5 to 24 hours) 
but at 7 days only mononuclear cells remained. Examination of spread prepara- 
tions of the leptomeninges showed that at 17 to 24 hours there was some inges- 
tion of erythrocytes by phagocytic mononuclear cells, as well as a polymorpho- 
nuclear and round cell exudation. At 24 hours there was some evidence of 
haemoglobin breakdown, scattered macrophages containing iron granules. At 
7 days most of the macrophages contained iron granules and red blood cells. 
Even at 7 days free erythrocytes in the C.S.F. were normal in appearance. 


DISCUSSION. 


Rate of removal of erythrocytes. Analysis of the C.S.F. is, by itself, an 
inadequate guide to the absorption of injected material from the subarachnoid 
space. Some fallacies in this connection have been discussed elsewhere (Cour- 
tice and Simmonds, 1951) in reference to protein absorption, and the results of 
red cell counts must be interpreted with even greater caution. Nevertheless, if 
the autopsy and histological appearances are considered also, it seems that, in 
rabbits, erythrocytes begin to leave the subarachnoid space 1 to 3 hours after 
injection and that most of them have disappeared within 48 hours. Sprong 
(1934) and Meredith (1941) found, in dogs, that less than 5 p.c. of an injected 
dose of 2 ml. own blood was recoverable by drainage of C.S.F. after 72 hours, 
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The results in subarachnoid haemorrhage in man are difficult to interpret 
because of the possibility of continued or recurrent leakage of blood into the 
C.S.F. Some data, e.g. Russell (1932), suggests that much of the blood is 
removed within three days. It is not possible to say whether species differences 
exist in the rate of erythrocyte removal. 

Comparison with rate of removal of plasma protein. The equatorial dia- 
meter of a red cell is more than 2,000 times the equatorial diameter of a plasma 
albumin molecule but there does not seem to be a corresponding difference in 
the rate of removal from the subarachnoid space. The protein concentration in 
the cisternal C.S.F. fell somewhat more rapidly than the red cell count in the 
first 5 hours after injection. At 24 hours the concentrations were too low for 
accurate comparison but red cells persisted in the lumbar sae longer than dye- 
labelled protein. This was shown by the dark blood seen under the spinal 
meninges 48 hours after injection of blood, whereas 24 hours after the same 
dose of dye-labelled plasma the lumbar C.S.F. was only faintly blue. The 
cerebral subarachnoid space, on the other hand, contained very little blood or 
protein 24 hours after a single injection or after injection three times weekly 
for 3-5 weeks. This suggests that, from the cerebral subarachnoid, the rate of 
removal of red blood cells and of protein is much the same. 

The lymphatic removal of erythrocytes. Only one of the possible pathways 
has been studied, viz. from the cerebral subarachnoid space into the cervical 
lymphatics. Red blood cells and protein might reach these by several routes— 
through the cervical meninges, through the arachnoid sheath of the optic nerves, 
through the meningeal investment of the olfactory filaments—but it seems that 
the olfactory route is the most important. In the rabbit, histological sections 
have shown ‘‘cuffs’’ of red cells around the olfactory nerve fibres and collec- 
tions of red cells free in the submucosa and in lymphatic capillaries in the 
nose. (It is of interest that, in conjunction with Dr. A. A. Palmer, similar 
observations have been made in three autopsies on patients with recent sub- 
arachnoid haemorrhage.) Blood outside the cervical meninges and dyed affer- 
ents leading from this region to the deep cervical lymph node have only been 
seen after leakage at the site of injection. Such experiments were discarded. 
Blood might be absorbed from orbital effusions into the lymphatics, but blood 
appears in the lymph in rabbits without such effusions and cats rarely show 
marked orbital blood staining. 

The experiments show that the cervical lymphatics are by no means a 
negligible pathway for removal of erythrocytes which have passed through the 
cerebral meninges. The times of appearance of red cells and dyed protein in 
the lymph and the total quantities collected suggest the conclusion that ery- 
throcytes pass through the cerebral meninges more slowly than protein mole- 
cules, but not a great deal more slowly. This is consistent with the findings 
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on rate of removal from the C.S.F. in rabbits. Study of the lymphatic drain- 
age exclusively might lead to fallacy since erythrocytes tended to pool in the 
olfactory recesses. Also, the lymph nodes might dam back red cells and release 
them irregularly, although serial counts of lymph and the histology of the nodes 
post-mortem did not support this idea. Lymph flow was maintained during 
most experiments by light massage over the deep cervical node and duct. 
Other methods of removal of erythrocytes. The reaction of the meninges 
to blood in the present investigation was similar to that in cats (Essick, 1920), 
in dogs (Bagley, 1928; Jackson, 1949) and in man (Hammes, 1944). It is 
noteworthy that phagocytosis of erythrocytes is not a striking feature for at 
least 24 hours after injection of fresh autogenous blood. Therefore, phago- 
cytosis cannot account for the large proportion of cells which disappear during 
that interval. Similarly, evidence of marked haemolysis is lacking during 
this period. In experiments with rabbits, even after repeated injection of blood, 
the C.S.F. was only golden yellow on occasions and staining of the meninges 
was notable only over the spinal cord. It has been shown in these experiments 
that clotting could not explain the disappearance of more than a small propor- 
tion of cells. Sprong (1934) and Meredith (1941) suggested that a large pro- 
portion of injected red cells were removed from C.S.F. early, by clotting or 
enmeshing of intact red cells in the arachnoid network. They were able to 
recover, after cisternal injection, only 30 p.c. of the dose or less. Since they 
drained the C.S.F. off through the caudal spinal sac many cells may have 
become trapped in the meshwork during drainage. In experiments with rabbits, 
reported above, larger percentages were recovered merely in a cisternal sample 
of volume equal to the injected blood: for example, an average of 40 p.c. in 
4 rabbits at 3 hours, 50 to 60 p.c. in 2 rabbits at 4 hour. Lymphatic drainage 
and effusion of blood, for example into retro-orbital tissues, could hardly 
account for the rate of removal of erythrocytes. Red cells and plasma pro- 
teins are absorbed at much the same rate, and Courtice and Simmonds (1951), 
using dye-labelled plasma protein, found that most of the colloid was removed 
by channels other than lymphatic, probably by way of arachnoid villi. It 
seems reasonable to suggest that the use of labelled erythrocytes might give 
similar results. It is hoped to report on such investigations at a later date. 
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SUMMARY. 


In rabbits, the cerebral subarachnoid space was virtually clear of erythro- 
cytes 48 hours after replacement injection into the cisterna magna of 0-5 ml. 
own heparinized blood/kg. body weight. This occurred after a single injection 
and after injections repeated three times weekly for three to five weeks. The 
spinal subarachnoid was cleared more slowly. Red cells were removed some- 
what less readily than protein but the great size of the red cell, compared with 
the protein molecule, did not seem to impede its passage through the meninges. 

In eats, and in rabbits, the cervical lymphatics are an important pathway 
for blood, which readily passes out through the olfactory meninges. The head 
down posture accelerates this and, in eats, up to 3 p.c. of the injected red blood 
cells was collected in five hours. After cisternal injection of dyed blood dye- 
protein appeared in cervical lymph before red cells. 

The meningeal reaction to autogenous blood was studied in rabbits. It is 
considered that destruction of red cells in the C.S.F. by haemolysis, phagocytosis, 
ete., plays only a small part in removal of blood. The greater proportion of 
erythrocytes must pass, intact, through the meninges. Some pass into lympha- 
ties in the olfactory region, but another pathway must exist, possibly through 
arachnoid villi into the venous sinuses. 
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NITROGENOUS PIGMENTS FROM THE FUNGUS CORIOLUS 
SANGUINEUS (POLYSTICTUS CINNABARINUS) 


by R. LEMBERG! 


(From the Institute of Medical Research, The Royal North Shore Hospital, 
Sydney). 


(Accepted for publication 29th January, 1952.) 


Up to 1938, no fungal pigment containing nitrogen had been reported. 
The pigments of higher fungi, studied particularly by Kégl, had all been non- 
nitrogenous. It was only in 1940 that Kégl and Sparenberg isolated phoma- 
zarin from Phoma terrestris. For higher fungi, this has long remained an 
isolated case, although a number of nitrogenous pigments from lower fungi 
have been isolated meanwhile. 

It was thus a surprise when the orange pigment which I isolated from the 
fungus Polystictus cinnabarinus in 1938 was found to contain nitrogen. This 
fungus grows on dead, often bushfire-blackened, trunks of Eucalypts, particu- 
larly the ‘‘ironbarks,’’ and is frequently found in Sydney’s surroundings. 
According to Cunningham (1950) Polystictus cinnabarinus and sanguineus are 
the same species and ought to be placed in the genus Coriolus as C. sanguineus 
(Fr.). The pigment was called polystictin, and analyses carried out by 
Dr. Weiler, Oxford, in 1938, indicated the composition CogH22049N4. Other 
duties prevented publication of the results, except for a short summary (Lem- 
berg, 1946). This reported the analytical composition of polystictin, its 
character as amphoteric quinoid pigment with ring nitrogen, the removal of 
about one-half of its nitrogen as anfmonia by hot aqueous alkali hydroxide, 
and the conversion by short treatment with hot methanolic potassium 
hydroxide into a non-acidiec compound C27H2»0,gN4, apparently decarboxypoly- 
stictin, without loss of nitrogen. The latter substance gave again acidic yellow 
pigments on treatment with hot aqueous alkali hydroxide, with loss of half of 
its nitrogen as ammonia. 

From the closely allied or identical P. sanguineus, Bose (1945, 1946) obtained 
yellow or orange culture fluids which he claimed to possess strong antibiotic 
activity against Gram-negative organisms. After removal of a red inactive pig- 
ment he obtained the active principle in yellow ether and chloroform extracts. 
My search for antibiotic activity in various aqueous extracts or aqueous solu- 
tions of ether- and chloroform-soluble by-products, or products of alteration, of 
polystictin from P. cinnabarinus has, however, been unsuccessful. 


1his work has been supported by grants from the National Health and Medical 
Research Council of Australia. 
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Recently, Gripenberg (1951) isolated a crystalline pigment from the Fin- 
nish fungus Trametes cinnabarina (Jacq.), which he called cinuabarin. There 
is no doubt that polystictin is identical with cinnabarin. Apart from agreement 
of their properties, polystictin subjected to reductive acetylation with acetic 
anhydride, pyridine and zine dust according to Gripenberg, gave his ‘‘cinnabarin 
leucoacetate B’’ of m.p. 200° C. The analyses of Gripenberg support the formula 
Cy4Hi90;Ne2 for cinnabarin. The analyses of polystictin, while in better 
agreement with CogH22019N4, do not exclude C14H190;Ne. The low solubility 
makes the establishment of the molecular weight difficult. but the boiling point 
elevation in pyridine was in agreement with the higher molecular weight. 
Gripenberg’s molecular weight estimation of the leucoacetates are in agreement 
with the C,, formula, but I found the Rast method not to give reliable results 
for cinnabarin leucoacetate B. The reaction conditions and the analyses of the 
products do not exclude a splitting of the molecule during the reductive acetyla- 
tion, but since the yield of “leucoacetate B’’ exceeds 50 p.c., a symmetrical for- 
mula with 28 carbon atoms appears more likely than the Cy, formula, if the 
low molecular weight for the leucoacetates assumed by Gripenberg can be con- 
firmed. 

In the present paper the name polystictin has still been applied for the sub- 
stance identical with cinnabarin, and the name polystictinin for an accompany- 
ing pigment more readily soluble in chloroform. Since modern taxonomy places, 
however, the Australian fungus in the genus Coriolus, not Polystictus, the name 
cinnabarin should be adopted. 


EXPERIMENTAL. 
Preparation of polystictin (cinnabarin) from Coriolus sanguineus ( Fr.) 


Method 1. 250 gm. of fresh fungi were cut into fine strips with scissors, 
covered with glacial acetic acid, and left standing in an ineubator at 37° C. for 
24 hours. This first extract was kept separate. Extractions with fresh lots of 
glacial acetic acid were then repeated at 50° C., later at 80° C., until the major 
part of the pigment had been removed. By evaporating these extracts to a 
small volume in vacuo, the crude pigment was obtained as a red-brown micro- 
crystalline precipitate and as orange crusts on the vessel walls. The mother 
liquors and the first extract required a special purification. They were united, 
concentrated to half the volume in vacuo, and poured into one litre of chloro- 
form. The chloroform solution was washed several times with water, which 
removed impurities in the dilute acetic acid together with some pigment. The 
latter was brought back into fresh chloroform by neutralizing the greater part 
of the acetic acid with solid sodium carbonate. The united chloroform extracts 
were dried over anhydrous sodium sulphate, the chloroform distilled off and the 
remaining acetic acid solution concentrated in vacuo to a small volume. A 
second crop of crude pigment was thus obtained. 
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The pigment was recrystallized three times from hot pyridine, in which it is 
moderately soluble. It formed golden-yellow, shining, lancet-shaped plates. 
The yield was 0-25-0-4 p.c. from air-dry fungi. Owing to the very variable 
water content of fresh fungi, this method gave somewhat variable results. 

Method 2. The fungi were 
‘dried on a water bath. 50 gm. 
dried fungi were extracted twice 
6r with 350 ml, portions of chloro- 
ae yellow form, each extraction being in- 

cubated for 12 hours at 50° C. 

On cooling, 20 mg. nearly pure 
yellow polystictin crystallized from this 
solution. The mother liquor 

Fig. 1. Fig. 2. contained another pigment 

Fig. 1. Polystictin (cinnabarin) from pyri- more readily soluble in chloro- 
dine. form (see below). The chloro- 

Fig. 2. Cinnabarin leucoacetate B. form-extracted fungi were then 

extracted repeatedly with 50 ml. 
lots of pyridine, allowing to stand overnight at 50° C., until the extracts and 
fungi were no longer strongly pigmented. 350 mg. almost pure polystictin 
crystallized from the pyridine solutions after concentration in vacuo. 

Polystictin crystallizes from hot pyridine in the typical plates of Fig. 1; 
from ethylacetate in clusters of short straight needles. On heating the crystals 
gradually darken and slightly sinter without a definite melting point. Poly- 
stictin is soluble in hot pyridine, less in hot ethyl acetate or chloroform. 


a bro wn 


dark yellow 


Analyses. 


Found : C, 58-99, 59-45, 59-09 ; JI, 3-79, 3-82, 3-71; N, 9-41, 9-61, 9-93. 
Calculated for C, 59-36; H, 3-78; N, 9-56. 
Calculated for or C, 58-72; H, 3°53; 

N, 9-79 p.e. 


The first two of the C, H and N analyses have been carried out by 
Dr. Weiler, Oxford, the third by Dr. Zimmermann, Department of Chemistry, 
Melbourne University. Their average values fit the first formula better than 
the second, whereas the average values obtained for cinnabarin by Gripenberg 
(C, 58-70; H, 3-68; N, 9-91) fit the second formula better. 

Molecular weight: A saturated solution of polystictin in boiling pyridine 
contained 24-2 mg. in 10 gm. pyridine. Such a solution gave a boiling point 
elevation of 0:013° C. M.Wt. found, 540; eale. for 586; for 
CogHo9019N4, 572. Although the exactness of this estimation is not great, it 
appears to rule out the molecular weight 286 calculated for Cy4H190;No. 
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The absorption curve of a solution of polystictin in chloroform has a maxi- 
mum at 458, in pyridine at 467 mp. The solutions have only a weak greenish 
fluorescence (broad band at 570-500 mp) under ultra-violet light, while the 
crystals display orange fluorescence. 

The substance is amphoteric. While only a small part is extracted from 
its chloroform solution by water, and little more by sodium bicarbonate solution, 
1 p.c. sodium carbonate or 20 p.c. (w./v.) HCl extract all, 10 p.c. HCl almost 
all, and 5 p.c. HCl a good deal, with brownish colour. 

Towards acids polystictin is remarkably stable. It is dissolved by conc. 
H.SO, with deep red-violet colour. On dilution with water this turns orange 
and deposits essentially unaltered polystictin which on reerystallization from 
pyridine gives the typical crystals. Even hot nitric acid reacts only slowly; the 
only product which could be isolated was oxalic acid. Oxidation with nitrous 
acid in strong sulphurie acid yielded initially chloroform-soluble acidic pigments 
of the colour of chromic acid, later yellow ether-soluble substances. The former 
were readily soluble in chloroform, but more readily extracted from it by water 
than the original pigment. They constitute a mixture, some of which was 
soluble in ether, some in methanol, and some in neither, but readily in chloro- 
form. Attempts to obtain crystalline material failed, nor could a pure sub- 
stance be obtained from the yellow ether solution. Acetylation of polystictin 
with acetic anhydride in the presence of some sulphuric acid gave dark orange 
granules. 

Zine dust distillation gave small amounts of a non-acidie colourless sub- 
stance of blue fluorescence. The pine splinter reaction, the Ehrlich aldehyde 
reaction, and the salicylaldehyde-H.SO, reaction for carbazole were all nega- 
tive. 

Polystictin did not readily take up bromine, nor did it give a reaction with 


ferric chloride. 


Identification of polystictin with cinnabarin. 


50 mg. of polystictin were subjected to the reductive acetylation in acetic 
anhydride plus pyridine with zine dust as described by Gripenberg. On de- 
composition of the acetic anhydride on standing with water, the product erystal- 
lized beautifully. These crystals were not mixed with the orange chloroform 
extract of the mother liquor, but directly recrystallized from aleohol. 37 mg. 
of cinnabarin leucoacetate B were obtained in the form of flat yellow prisms 
(Fig. 2) of m.p. 198-200° C. (corr.). The substance is readily soluble in chloro- 
form with yellow colour and intense green fluorescence. The melting point and 
the other properties described above are the same as those reported by Gripen- 
berg. Determination of the melting point depression of camphor by the Rast 
method gave variable results indicating molecular weights varying from 578 
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to 282. On repetition the melting point was found lowered, and a change of the 
yellow colour to brown indicated decomposition. 

The absorption spectrum showed only one maximum in the visible (<= 
23-9 at 440 my), the fluorescence spectrum one diffuse band covering the green 
and yellow parts of the spectrum. 

The orange, weakly fluorescent aqueous mother liquor failed to give pure 
crystalline material, even after separation into three fractions by alumina 
chromatography. 


Alkali decomposition. 


In contrast to the stability towards acids, aqueous alkaline solutions of 
polystictin are unstable. Fresh solutions in dilute sodium carbonate or ammonia 
are orange, and are reversibly decolourized by sodium dithionite, or zine dust, 
but not by sodium sulphite. Solutions in dilute sodium hydroxide change their 
colour at first to greenish yellow, later to a weak brownish purple. Of the nitro- 
gen, 44 p.c. was recovered as ammonia by passing a current of nitrogen through 
a solution in N NaOH at room temperature, 50-65 p.c. on heating 30 minutes. 
Irradiation of the alkaline solutions with ultra-violet light strongly increased 
their green fluorescence. 

A solution in 40 p.c. KOH is deep purple. On immediate acidification with 
acetic acid, it deposits beautiful brick-red short needles, pointed on both ends. 
The red colour and more ready solubility in dilute ammonia indicate alteration, 
but erystallization from pyridine gives apparently unaltered polystictin. 

On heating in 0-1N baryta the solution became violet and deposited a 
brown Ba salt. The violet solution had a broad indistinct absorption band at 
560-520 my besides absorption in the blue. No urea could be isolated as dixant- 
hydryl compound under conditions in which this was formed from riboflavin 
(Kuhn and Wagner-Jauregg, 1933). 

A variety of yellow to orange pigments are found in the alkali-treated 
solutions. On neutralization some can be brought into chloroform, benzene, or 
ether, while others can only be extracted by butanol. Some have acidic proper- 
ties, while others are no longer extracted by alkali from chloroform or ether. 
Some give orange, others blue-green, extracts in dilute hydrochloric acid. 

At least five different substances were observed under various conditions, 
none of which was isolated in pure form: 


A: extracted by chloroform, orange-yellow, acidic, non-fluorescent, extracted 
by 20 p.c. HCl with orange-brown colour, red-violet in cone. H.SO4. 

B: extracted by chloroform, pinkish-yellow, with weak green fluorescence, 
weakly acidie (extracted from chloroform by NaOH, not by Na»COg), extracted 
by 5 p.c. HCl with dull blue-green colour, orange-brown in cone, HCl or H2SO,. 
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C: extracted by ether, not by chloroform, yellow, acidic, extracted by 10 p.c. 
HCl with yellow colour and yellowish-green fluorescence, red-violet in conc. 

D: extracted by ether, not by chloroform; colourless with strong blue-white 
fluorescence which is destroyed by shaking the ether solution with NaHCOg3 or 
10 p.e. HCl. 

E: extracted by chloroform, orange-pink ; absorption spectrum with distinct 
bands at I 522, II 487 and III 455 mu (order of intensity: I, II, III) ; strong 
green fluorescence with broad band 620-540 muy; non-acidiec, not extracted from 
chloroform by 5 p.c. HCl; blue in cone. HoSO 4. 


Decarboxypolystictin. 


If polystictin is heated 3 minutes in a boiling water bath in 20 p.e. 
methanolic KOH, at first an orange-brown precipitate is formed; this soon goes 
in solution with purple colour which later turns brown. During this treatment 
only 5 p.e. of the nitrogen is developed as ammonia. The solution is rapidly 
cooled, and after neutralization with dilute sulphuric acid, extracted with 
chloroform. An orange by-product remains in the aqueous phase from which it 
can be extracted by butanol or amy] aleohol. The chloroform solution is washed 
with water, then with 1 p.c. Nag2COg removing some acidic by-product, dried 
over CaClo and concentrated to a small volume. This yields thin prisms with 
straight ends, with straight extinction and direction of minimum absorption in 
polarized light parallel to the long axis. Yield 25 p.c. ‘The substance has no 
distinct melting point, it gradually darkens above 200°C. and sinters above 
270° C. 

Found: C, 64-41; H, 4-42; N, 11-05, 10-79. 

Cale. for C, 65-04; H, 4-45; N, 11-25. 

Cale. for CogHo00gN4 or C, 64-44; H, 4-16; N, 11-57 


The substance is easily soluble in pyridine, and crystallizes from alcohol, 
benzene, toluene, ethyl acetate, or acetic acid. The chloroform solution absorbs 
light in the blue and does not fluoresce. Na2CO; does not extract it from 
chloroform, cone. HCl extracts with red-violet colour. From an ether solution, 
1 p.c. HCl extracts about two-thirds of the pigment. The solution in cone. 
is red-violet. 

On heating with N NaOH 48 p.c. of its nitrogen was developed as ammonia. 
Ether now extracts from the neutralized solution acidic yellow pigments with 
weak yellow-green fluorescence, which can be re-extracted from ether by 
NaHCOxs or by 20 p.c. HCl with yellow colour. On heating in organic sol- 
vents these pigments tend to become brown and insoluble. Acidic chloroform- 
soluble pigments were also obtained on prolonged treating of polystictin with 
20 p.c. methanolic KOH. 
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Polystictinin and other accompanying pigments. 


Polystictinin was isolated from the chloroform extract of dried fungi 
(method 2 above) after removal of the less soluble polystictin. The chloroform 
solution was evaporated and the residue recrystallized from chloroform 
alcohol. Round clusters of fine brick-red needles of m.p. 239-241° C. (ecorr.), 
with a crystalline yellow sublimate appearing a few degrees under the melting 
point. The yield was much smaller than that of polystictin. 

For further purification a chloroform solution of the substance was sub- 
jected to chromatography on a column of alumina (B.D.H., for adsorption 
chromatography). A small yellow eluate was followed by a brown-red lower 
zone and a fainter more reddish upper zone, with retention of a little brown 
material on top of the column. The brown-red zone was eluted by chloroform, 
and the pigment erystallized from alcohol in the form of red-orange clusters of 
short prisms, melting sharply at 246-7° C. (corr.) with partial sublimation. 

Apart from its melting point, polystictinin differs from polystictin by its 
greater solubility in organic solvents. It is easily soluble in pyridine, from 
concentrated solutions of which it crystallizes in long flat needles. It is also 
more readily soluble in chloroform, ethyl acetate and hot alcohol, but only 
slightly soluble in ether with weak greenish fluorescence. Na,COg (1 p.c.) 
or 20 p.c. HCl extracts it only gradually from its solution in chloroform with 
orange colour, but conc. HCl extracts almost all. 

The analyses are difficult to interpret and in spite of the sharp melting 
point, the substance may not yet be uniform. Found: C, 58-90; H, 4-10; 
N, 8-61 p.c. Polystictinin thus contains less nitrogen than polystictin, and 
the composition fits best that of an equimolar mixture of CogHo2O,9N4 and 
Co9H21011N3 (cale.: C, 59-31; H, 3-69; N, 8-37 p.c.). 

The solution in dilute NaOH is at first a deep orange-brown, but soon 
changes colour to dark wine-red. On boiling, ammonia is developed and the 
colour changes again to a light reddish-brown. After acidification chloroform 
extracts a yellow pigment with weak vellowish green fluorescence, and after 
this ether a brownish pigment with weak bluish-green fluorescence. 

The acetic acid mother liquors of polystictin still contained much pigment 
which was precipitated by ether as black hygroscopic resin. From the ethereal 
solution a small amount of orange-red short prisms was obtained by almost 
complete removal of the acetic acid by neutralization with solid NagCO, and 
concentration of the ethereal solution. The pigment was extracted from its 
ether solution by 1 p.c. aqueous Na»CO; with brick-red colour. 

Water also extracts a small amount of orange pigment from the fungi, 
about one-third of which can be extracted from the aqueous solution by ether. 
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SUMMARY. 


An orange-coloured nitrogenous pigment, ‘*polystictin,’’ has been isolated 
from the Australian polyporous fungus Coriolus sanguineus (Fr.), earlier 
called Polystictus cinnabarinus or P. sanguineus. This has been found to be 
identical with the ‘‘cinnabarin’’ recently isolated by Gripenberg from the 
Finnish fungus Trametes cinnabarina (Jacq.). 

Its analytical composition fits best the formula Co9H2.019N4 but does not 
exclude the formula C,4,H;90;Ns suggested by Gripenberg. Half of its 
nitrogen is removed as ammonia by hydrolysis with aqueous alkali. Short 
treatment with methanolic potassium hydroxide, however, removes two mole- 
cules of CO. (per Cog; one per C;4), without loss of nitrogen. 

Polystictin (cinnabarin) is accompanied by another pigment, polystictinin, 
which differs from the former by its greater solubility in organic solvents, and 
by possessing a sharp melting point. Other water- and ether-soluble yellow 
to orange substances are also present in small amounts. 

No evidence could be found for antibiotic action against Gram-negative 
organisms of any of these fungal pigments. 

Acknowledgment. I am indebted to Professor A. Burges, Sydney University, for taxo- 
nomic advice, and to Dr. E. B. Durie, of this Institute, for investigating antibiotic properties. 
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Kitzing reported in 1843 the occurrence of Leptothriz ochracea in Euro- 
pean fresh water streams, and later this organism was reported from similar 
deposits in iron-bearing waters in China, Japan, Ceylon and America. Ellis 
(1919) found that 90 p.c. of ferruginous deposits examined in Great Britain, 
Russia, Denmark and Spain contained filaments of Leptothrix ochracea and 


that in a large percentage of these samples it was the principal organism 
present. 


Filaments of an organism morphologically resembling Leptothrix ochracea 
were seen in ochre coloured deposits in two fresh water streams in the Adelaide 
Hills, and the following work was carried out to type the organism. 


MATERIALS AND METHODs. 


The material was obtained from two locations, both in the Adelaide Hills area. The 
first site was a fresh water spring at Upper Sturt, near Belair, 2 few miles from Adelaide. 
The second deposit was found in some small pools of water in marshy ground near Willow 
Creek, Victor Harbour, on the South Coast, about 40 miles from Adelaide. The deposit 
occurred below a soak running into the creek. Both deposits consisted of thick slimy floccules 
floating in the water, and were also attached to submerged leaves, roots, twigs, ete. The 
yellow floccules broke up on disturbing the water. Samples taken from the surface layers of 
the deposit were stored in open bottles in the cold but fresh material was used whenever 
possible. 

Staining methods. Smears made directly from the deposits were dried at room tempera- 
ture and fixed with methanol. 

(a) Erythrosin stain. The slide was flooded with carbol erythrosin for 10 minutes and 
the strain intensified with saturated aqueous erythrosin for a further 10 minutes. 

(b) Auramine stain. The method was a modification of that described by Lempert 
(1944). The slide was flooded with freshly prepared carbol auramine for 10 minutes at 
room temperature, decolourized with absolute alcohol for 20-30 seconds, washed for 20-30 
seconds with an aqueous 1 p.c. solution of potassium permanganate and dried at room tempera- 
ture. 

Cultivation. 20 ml. of Upper Sturt spring water was added to 10 em. Petrie plates 
containing 0-2 gm. sterile iron wire. 

Two synthetic media first described by Licske and recommended by Waksman (1931) 
were also used in this work. 
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(a) Leptothrix ochracea medium II. 


Saturated manganese 
bicarbonate solution, 100 ml. 


(NH 4) 280, 0-01 gm. 
KH2PO, Trace 
MgSO, Trace 
NaHCO; 0-01 gm. 
Tap water 1,000 ml. 


The medium was autoclaved at 10 Ib. for 15 minutes and 50 ml. amounts were aseptically 
dispensed in 250 ml. Erlenmeyer flasks and 0-1 gm. sterile iron wire added. The flasks were 
left on the bench for 24 hours before inoculation and incubation was at 25° C. 


(b) Spirophyllum ferrugineum medium. 


(NH4) 2804 1-5 gm. 
KCl Trace 
MgSO, Trace 
KH»PO, Trace 
Ca(NO3)o 0-01 gm. 
Tap water 1,000 ml. 


The medium was autoclaved at 15 Ib. for 20 minutes, then aseptically dispensed in 100 ml. 
amounts in 250 ml. Erlenmeyer flasks and 0-1 gm. sterile iron wire was added. The flasks 
were left on the bench for 24 hours before inoculation. Incubation was at 16° C. for 30 days 
in an atmosphere containing 1-2 p.c. COv. 

The inoculum in each ease was one loopful of the deposit. Uninoculated controls were 
always included to demonstrate the extent of the non-biological oxidation of the iron wire. 


RESULTS. 


The Upper Sturt material. 


Microscopic examination of the yellow deposit in wet mounts disclosed 
large numbers of long, thin, brown, empty sheaths of Leptothrix and large 
masses of deposited iron. The sheaths formed tangled masses of empty tubes, 
many of which were heavily encrusted with deposited iron hydroxide. Lepto- 
thrix was the predominant organism in the samples examined. A number of 
small organisms with the typical ‘‘twisted hairpin’’ appearance characteristic 
of the genus Gallionella and old, heavily encrusted organisms resembling a 
short string of beads were present in all samples examined. A few organisms 
which were probably Spirophylla were seen in some samples. These organisms 
appeared as broad, flat, twisted ribbons 2 » wide, but varying in length and in 
the tightness of the coils. Long threads of a species of the algae Spirogyra 
could be seen floating in the water, and in smears of the ochre deposits. 

The diameter of the Leptothrix sheaths varied from 1 to 1-7 » but varia- 
tions of the individual sheaths from one end to the other were very slight. 
Old sheaths became heavily encrusted with ferric hydroxide and were some- 
times as wide as 3y. The sheaths were usually straight although a number of 
curved sheaths were seen (see Fig. 1). The sheaths were thin, rigid tubes 
10 to 300» in length, not showing true or false branching; and stalks or other 
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Fig. 1. Typical ferric hydroxide encrusted sheaths of Leptothrix ochracea seen in un- 


stained, fixed preparations. XX 1,000. 


Fig. 2. Leptothrix ochracea stained with ery- 
throsin after treatment of the sheath with 5 p.e. 
HCl. The sheath was not stained but the chain 
of organisms within it could be clearly seen. 
X 430. ‘ 


Pig. 3. Leptothrix ochracea stained with ery- 
throsin after acid treatment. The unstained 
sheath can be distinguished as two faint lines in 
the gaps between the stained organisms. X 430, 
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means of attachment of the sheath to objects in the water were not present. 
The sheaths had open ends and closed filaments were not seen. Conidia were 
seen as small protuberances cn the outside of a number of sheaths, but the 
colourless organisms inside could not be distinguished. 

Attempts to stain the organisms or the sheath in the untreated deposit 
were not successful. Treatment with simple stains using erythrosin, rose ben- 
gal, methylene blue, dilute fuchsin, aniline blue, chrysoidin or Lugol’s iodine 
for five minutes failed to stain either the sheath or the organisms. The Gran 
stain was unsuitable since it stained debris in the ferric hydroxide deposit but 
not the sheaths or the organisms. The Gallionella and Spirophylla in these 
films did not take up the stain but they could be seen because of the ferric 
hydroxide impregnated on the cells. Films stained by the Ziehl Neelsen, the 
spore stain and the capsule stain techniques were also negative. One p.c. aqueous 
safranine stained the sheath a faint pink, but not the organisms. The algal 
threads were stained by the aniline dyes and the erythrosin stain. 

Auramine stained smears examined under ultra-violet light showed large 
numbers of long, thin, black, empty sheaths which did not fluoresce, but which 
could be distinguished against the lighter background. Fluorescent material 
could be distinguished inside a few of the sheaths examined, but the morphology 
of the organisms could not be determined. No other morphological types of 
organisms were noted. 

Examination of fresh, living material by phase contrast microscopy showed 
large numbers of empty sheaths with the same morphology as above. Staining 
of the organisms within the sheaths was successful after treatment of the 
deposit with 5 p.c. HCl at room temperature. Thirty minutes’ treatment did 
not dissolve all the iron but after 18 hours very few sheaths and only a few 
small clumps of deposited ferric hydroxide could be seen. Difficulty was ex- 
perienced in fixing material treated with 5 p.c. citric acid and so HCl was 
used in this work. Attempts to dissolve the deposited iron from fixed smears 
by flooding the film with 5 p.c. HCl were unsuccessful because the films washed 
off the slides as the ferric hydroxide dissolved. 

Erythrosin stained smears of acid treated material showed a few sheaths 
filled with red organisms against a colourless background (see Fig. 2). The 
organisms occurred in long chains of cells 1-7 » in diameter and 8-20 » long 
packed tightly together. The cells stained uniformly and no internal strue- 
tures could be differentiated. After removal of the ferric hydroxide the 
sheath was colourless and could not be stained with erythrosin. The faint 
outline of the sheath could be distinguished only when there was a gap in the 
chain of stained organisms (see Fig. 3). 

Methylene blue stained smears showed chains of blue organisms, but the 
sheath did not stain and still appeared as a faint outline. 

Acid treated material stained with auramine and examined under ultra- 
violet light showed a number of sheaths which were filled with brightly 
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fluorescent material. The organisms were greenish-yellow in colour seen against 
a red background, but the sheath remained unstained and appeared as a pair 
of thin, black lines surrounding the fluorescent material. The rods resembled 
those seen with the erythrosin staining but exact morphology could not be 
distinguished. 


Cultivation. 


Leptothriz ochracea grew well in fresh spring water from Upper Sturt if 
iron wire was added. The wire in these cultures and in the controls (autoclaved 
spring water and iron wire) rusted in 2-3 days at room temperature forming 
a fine, flocculent ochre coloured deposit on the wire and spreading over the 
bottom of the petrie dish. Tangled masses of sheaths were seen in smears of 
the deposited ferric hydroxide. The rust in the control plate remained attached 
to the iron wire and sheaths of Leptothrix ochracea could not be detected in 
smears of the deposit. Spirophylla and Gallionella were not seen in these 
smears. 

Leptothriz ochracea grew in media containing manganese bicarbonate 
(medium ‘‘a’’) only in the presence of iron wire. Flasks containing medium 
‘*a’’ with no iron wire showed no development of the organisms after 30 days’ 
incubation at 25° C., but the flasks with iron wire contained large masses of 
light floceulent ochre to brown coloured deposit. Large numbers of empty 
sheaths, many of which were heavily encrusted with ferric hydroxide, were seen 
in the smears as well as large clumps of long. thick, Gram negative rods with 
straight, parallel sides and round ends, but no visible sheath. These organisms 
increased in numbers in later cultures until they were predominant. Gallion- 
ella and Spirophylla could not be found. 

Several species of Spirophylla grew in the medium ‘‘b’’ after 30 days’ 
incubation at 16°C. in an atmosphere of 1-2 p.c. CO. Later attempts to 
culture these organisms were unsuccessful, however. The deposit contained a 
number of long, tightly twisted, ribbon-shaped organisms which were not stained 
with erythrosin. Sheaths of Leptothriz ochracea were also present. 

No attempt was made to cultivate the organisms resembling Gallionella. 


The Willow Creek material. 


The morphology of this strain of Leptothrix was identical with the above 
description, but the diameter of the sheaths varied between 0-5 and 2y. The 
colourless organisms within the sheath were stained with erythrosin only after 
treatment of the deposit with 5 p.c. HCl. Spirophylla were not seen in smears 
of this material. Leptothrix grew in the Upper Sturt spring water and iron 
wire medium, and in the medium ‘‘a’’ containing iron wire. Only very slight 
growth of the Leptothriz ochracea occurred in the Spirophyllum medium ‘‘b’’ 
and no organisms morphologically resembling Spirophylla could be seen. Cul- 
tivation of Gallionella was not attempted. 
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DISCUSSION. 


The South Australian Fly Fishers’ Association established a trout hatch- 
ery at Upper Sturt, filling the troughs with water from the spring. Large 
amounts of ferric hydroxide were deposited in the troughs and the present study 
of these deposits showed them to be due to the presence of Leptothrix ochracea. 
Lines (1951) reported that the deposition of ferrie hydroxide on the gills by 
Leptothrix ochracea suffocated the young fish. 

The ferric hydroxide deposits occurred in spring water containing appre- 
ciable amounts of soluble iron salts. The Upper Sturt water contained three 
parts of ferrous iron per million parts of water. Samples collected after the 
water had passed over the ferruginous deposits contained only traces of 
soluble iron, showing that the organisms precipitated the iron very efficiently. 
The Willow Creek water was not tested quantitatively but the iron salts could 
be tasted in the water. 

The Upper Sturt deposit occurred in a depression made by the spring, and 
for 50 feet along a narrow ditch used to lead the water to a small creek. 
Growth ceased when most of the iron had been precipitated from the water. 
The Willow Creek material came from two small pools of water below a soak, 
draining down into the creek. The organisms could not be found growing in 
the creek, probably because the iron concentration of the water was too low. 

The colour of both deposits was yellow to light orange but the colour dark- 
ened slightly on standing in the laboratory. Pringsheim (1949) stated that the 
eolour of deposits of Leptothrix ochracea was yellow but a number of brown 
coloured deposits containing typical sheaths were reported in Britain and 
elsewhere. 

A comparative microscopic study of the organisms in the Upper Sturt and 
Willow Creek samples showed that the two organisms were identical except 
for*some variation in the diameter ot the sheaths. Leptothriz ochracea Kitzing 
sheaths were 1 » in diameter, but Ellis (1919) gives the diameter of the sheaths 
as 2 and so these slight variations in diameter were probably not very signifi- 
cant. The variations were not due to encrustation of the sheath with ferric 
hydroxide but were actual variations in the diameter of the organic sheath. 
The sheaths eventually became brown in colour and were finally so heavily 
encrusted with ferric hydroxide that it was not possible to see through them. 
They did not show false or true branching and there was a complete absence of 
holdfasts. On purely morphological criteria the organisms should be placed in 
Bergey’s family Chlamydobacteriacea, genus Leptothrix. 

Leptothriz ochracea Kiitzing described by Bergey (1948) corresponds 
closely with the above descriptions but he relies only on the characteristic 
morphology of the organism and the sheath. Cultural reactions of the type 
strain were not given and so close comparison of the Australian organisms 
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with those occurring elsewhere could not be made. Several other ochre 
coloured deposits were reported in the Adelaide Hills, but, unfortunately, with- 
out samples. 

Fluorescence microscopy has been applied to microbiology for some time, 
and this technique has been very efficient in demonstrating the presence of 
Mycobacterium tuberculosis in auramine stained smears (Glasser, 1944). Lep- 
tothriz ochracea was not easily stained by ordinary methods, unless the ferric 
hydroxide was first removed, but fluorescence microscopy was able to show the 
presence of a few organisms within the encrusted sheaths. Both acid treated 
and encrusted sheaths were not fluorescent after staining with auramine, but 
could be seen as long, thin, black, non-fluorescent tubes, so they must have 
been composed of different material from the organisms. The ferric hydroxide 
impregnated in the sheath prevented the penetration of most stains which were 
unable to reach the organisms even through the open ends. The auramine evi- 
dently passed through the encrusted sheaths, and so made the organisms visible 
when examined under ultra-violet light. 

Acid treated deposit stained with auramine contained a number of sheaths 
filled with fluorescent material but the exact morphology could not be deter- 
mined because of the lack of definition of the organisms, and so fluorescence 
microscopy was found to be of limited value in the study of Leptothriz ochracea, 
in spite of the initial success obtained with this technique. 

On examining stained smears of acid treated material, the detailed mor- 
phology of the organisms within the colourless sheaths was clearly distinguished. 
Most of the numerous sheaths seen in the original material were probably 
empty, since only a few showed stained organisms after acid treatment. 

The organisms were stained with erythrosin, methylene blue and dilute 
fuchsin, but sharpest definition was obtained in erythrosin stained smears. 
The organisms had round ends but the rods were usually pressed tightly 
together and so the filaments appeared to be continuous, with septa occurring 
at intervals. On further examination, however, the two cell walls could be 
distinguished. 

Leptothriz ochracea grew in the Upper Sturt spring water when iron wire 
was added to give a continuous supply of iron salts, but Spirophylla were not 
seen in smears of the flocculent material. Waksman (1931) reported that 
Lieske grew Leptothriz ochracea in an inorganic medium containing mangan- 
ese bicarbonate as the sole energy source and that ferrous carbonate was not 
necessary for growth. Attempts to grow the Upper Sturt and Willow Creek 
organisms in the absence of iron salts were unsuccessful. The addition of iron 
wire to the medium was followed by rapid rusting of the iron, and after 5-7 
days’ incubation at 25° C. sheaths could be seen in smears. Manganese was 
therefore not able to supply all the energy requirements of the two strains of 
Leptothriz ochracea. 
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Organisms morphologically resembling Spirophyllum ferrugineum were 
seen in smears of the enrichment culture from the Upper Sturt deposits. 
Although Spirophylla grew in the first enrichment culture made, further 
attempts to cultivate them from this enrichment culture and from fresh 
material were unsuccessful. The iron wire rusted rapidly, but only sheaths of 
Leptothrix ochracea could be seen in smears of the flocculent deposit. The 
reason for the failure to cultivate the Spirophylla after the initial success was 
not known since the medium used was the same in each case and conditions 
during incubation were identical. 


SUMMARY. 


Leptothrix ochracea occurred as the predominant organism in deposits of 
ferric hydroxide found in two springs in the Adelaide Hills. 

Treatment of the deposit with 5 p.c. hydrochloric acid dissolved the ferric 
hydroxide impregnated in the sheaths, allowing the organisms to be stained 
easily. Fluorescence microscopy showed the presence of protoplasm in the 
sheaths, but did not give sufficient definition for the study of the organisms. 

Cultivation of Leptothrix ochracea in synthetic media occurred only if 
iron wire was included. 
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